Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



V- y 



, ».'• 



A 



t. 



I 



/ 



/hcMcAj uC^^^^oo 



6^^ /^^^ 



A^^Zt^ 



t ' ^ 



• i 



' V 



TREATISE 



ox 



THEORY OP THE CONSTRUCTION 



Q9 



BRIDGES AND ROOFS. 



OLUSTHATED WITS mTMXBOUS WOOD ENQBAYXKOa, 



BY 



DE VOLSON WOOD, 

PmfeaiMtr of MathemaUca and MecJutnica in Stevens'* Ttvitititte of TechrMUtgy^ 
Formgrly Pr<tf«9aor of GtoU Engineering in the UniverHty uf JficAiffan, 



THIRD EDITION 
SEVIBBD AND OOBBBOTED. 



NEW YORK: 

JOHN WILEY & SONS, PUBLISHERS, 

15 ASTOa PLAGE. 

1883. 



K^f i6-)-c» 






"-)/':■■■■■' ''-rO^Ar-r-..- 



JfanCfved according to Act of Congress, In tha yasr 1878, 

Bt DB VOr/SON WOOD, 

tc the OIBoe of the Librarian of Congrem, at WatihlngtaQ. 



Trow's 

PUMTiNG AMD Bookbinding Oo^ 

905-ai3 Mast xzth St., 

MBW YORK. 



TABLE OF CONTENTS. 



PART L 



FOBMULAS FEBTAmma TO BBAHB. 

Na ow THS 
ABTIGX& wAmm 

1. Introduotoxy Bemark. I 

2. Notation S 

8. Case of a Hozizontal Beam which is fixed at one End and loaded at 

the free End. 3 

4. Case of a Horizontal Beam whidh is fixed at one End, and loaded 

nnif ormly. 8 

6. Case of a Horizontal Beam whidh is sapported at its Ends, and 

loaded atanypoint 5 

6. Case of a Horizontal Beam whidh is sapported at its Ends and loaded 

at the middle point 6 

7. Case of a Beam whidh is sapported at its Ends and loaded uni- 

formly 7 

8L Case of a Beam which is fixed at one End, sapported at the other, 

and loaded at any point 8 

ft Case of a Beam which is fixed at one End, sapported at the other^ 

and loaded anif ormly 

10. Case of a Beam whidh is fixed at both Ends and loaded at the 

middlepoint 10 

11. Case of a Beam which is fixed at both Ends, and loaded nni- 

f ormly 10 

18. Case of a Uniform Load and uniformly-increasing Load 11 

13. Partial Uniform Load 13 

14. Case of a Load applied at several points . . . • 13 

15. Case of Obliqne Strains. 14 

16. Inclined Beam loaded at one point •• 15 

17. A Loaded Brace 19 

18. Discasslon of the preceding case. 30 

19. Problems 21 

30. Bafter loaded anif ormly 31 

31. Strength of Pillars 33 

33. Gordon's Bales 34 

33. Mr. C. Shaler Smith's Fonhala. 35 

34. Hodgkinson's Formnlas •..; 36 

35. Weight of PillaiB 37 



/ 



It TABLS of 00NTENT8. 



PART IL 

TBTJ8SED BBIDGSS. 
OHAFTEB I. 

DSFmrnoNB ahd data. 

ABIIOIiB. PlOB 

26. Definitions 28 

27. The Load 81 

28. Safe Load 83 

29. Factor of Safety 33 

80. Absolute Modulus of Safety. 35 

81. Examples of Strains tliat have been used in Piaotical Cases 85 

82. Proof Load 89 

83. Framing 39 

84. The Simple Girder 89 

CHAPTBE n. 

Kma-FOST BTSTBMS. 

35. The King-post Truss 43 

36. Inverted King-post 47 

87. A Braced Beam 47 

38. Minimum Amount of Material 47 

89. Minimum Depression 60 

40. Trussed Beams 51 

41. Eaised Tie or Double Baftets 52 

42. Depressed Tie 55 

43. Solution by Diagrams 55 

44. Fink Truss 56 

45. Boof Trusses 58 

46. . UnequaUy-indined Braces or Ties. 58 

47. Inverted Truss 60 

48. Bellman's Truss 61 

49. Analysis of Bellman's Truss Primary System • . • • 63 

TBUSSBS WITH PABAIiLEL 0HOBD& 

50. Trapezoidal Truss ••• 66 

61, Truss Fully Braced 67 

62. Trapezoidal Truss Modified 68 



TABLE OF 001TTEBIT8. 



▲BTIGLB. PAaS 

63. Stravos upon the Modified Trass. 68 

54 Trapezoidal Truss Inverted 66 

56. Examples 68 

56. Triangular Truss— Definition 70 

57. Triangles the only proper Figures for Trusswork 70 

68. Conditions Assumed 71 

69. Notation 71 

60. Cask I 72 

61. Strains on the Ties and Braces 78 

62. Strains on the Chords 73 

63. Cash n 74 

64. Strains on the Ties and Braces. 74 

66. Strains on the Chords ,.••.. 76 

66. Open Swing Bridges 76 

67. Cask m 77 

68. Geometrical Solution 77 

69. Observations on the Pfeceding Besults 78 

70. Distribution of Strains on the Ties 78 

71. Observations on the Preceding Analysis • • 80 

72. Formulas for Strains on the Tie-Braces for a Uniform Load 82 

73. Another Solution of the Preceding Problem 85 

74. Maximum Strains on the Tie-Braces 86 

76. Strains on the Chords 86 

76. Sub-Case; InwhichtheKumber of Bays in the Lower Chord is odd.. 89 

77. Inverted Truss. 90 

78. Weight of the Truss Considered " 90 

79. Discussion of the Equation (111) 92 

80. Problem ', ., 94 

81. Strains on the Chords when the Weight of the Truss is considered. . 94 

82. Dimensioiui of the Ties 94 

83. Dimensions of the Braces 96 

84. Dimensions of the Chords • 96 

86. Cask IV.— Distribution of the Strains 96 

86. Stress on the Tie-Braoes 97 

87. General Method 99 

88. Problems 99 

89. Strains on the Chords 101 

90. Problem .' 102 

91. Examples 102 

92. Minimum Amount of Material 103 

93. Proper Length of the Bays 106 

94. Casb V 106 

96. Stress on the Braces. 106 

96. Stress on the Chorda 107 

97. Towne's Lattice 107 

98. Analysis of Towne's Lattioe • •••> 108 

99. Analysis of the Multiple Triangular System 109 



n 



TABLE OV OONTESm. 



Ko. or 

ABTXCLB. PAOI 

100. Ambiguity in regard to Stzams in certain Oasei. Ill 

LOl. Warren's Girder Modified 113 

L02. Type Form of Howe's Truss 114 

103. O^e Form of Pratt's Tmss 114 

104. Definition of the Panel System. 115 

105. Maximum Stress on the Diagonals 115 

L06. Discussion of Equation (128) 117 

[07. A Counter-Brace ', 190 

108. Valnesof No -. 121 

109. Examples 121 

110. G^eral Value of the Second Differences • 123 

111. Stress on any Diagonal • 124 

L12. Uniformly Distributed Load. 125 

[13. Stress on the Verticals 127 

14. Stress upon the Chords 129 

15. Examples 130 

[16. Load concentrated at one Point 131 

[17. Stress on the Chords for an unequally-distributed Load 132 

L18. Multiple Systems 133 

[19. Problem 133 

L20. A Second Problem of Minimum Material. . . .^ 136 

121. General Problem of Minimum Material 136 

[22. Minimnm Material in a Post and Tie combined 140 

[23. Long's Truss 143 

124. Howe's Truss 145 

[25. Main Braces in Howe's Truss 146 

[26. Counter-Braces 147 

127. Keying the Counter-Braces 148 

[28. Cambering 149 

L29. The Block in Howe's Truss. 149 

L30. The Vertical Tie-Rods in Howe's Truss 150 

[31. The Chords in Howe's Truss 150 

[32. Pratt's Truss 150 

L33. Whipple's Truss 151 

134. Analysis of the Double-Panel System as shown in Fig. 92 155 

L35. Post's Truss 162 

136. Extra Strains considered 170 

137. Haupt's Lattice 170 

138. HaU's Lattice 171 

L39. Lateral Bracing 171 

L40. Kuee-Braces 172 

141. Stability of the Bridge upon its Supports 173 

142. Continuous Loading— Vertical Shearing Stress 173 

143. General Problems Unsolved 176 

L44. Law of Strains upon thc^ Chords 177 

145 Law of Relation between the yertical Shearing Stress and Moments 

of Applied Forces 178 



TABLE OF 00KTENT8. ^ Tli 

CHAPTER IV. 
TBUSSBB WITH CHORDS NOT FARALLSL. 
No or ram 

ABTZOLB. PAOa 

148. MoOallnin's Truss. 179 

147. Pababolio Abchbd TBUSft— Definition and Notation. 180 

148. Case of Uniform Load. 183 

149. Case of a Partial Uniform Load — ^when the Diagonals are Ties 183 

'50. Oase of a Partial Uniform Load — ^when the Diagonals are Braoes. 184 

i51. Triangolar Trossing—Parabolio Arched Trass 185 

152. Strains on the upper Chord— found by Moments 186 

153. A General Problem 187 

164. Both Chords Curved. 188 

CHAPTEB V. 

COMFOITND STBUCTUBBflL 

165. Definition 190 

156. Burr Truss 191 

157. Pennsylvania Bail-Eoad Bridge 191 

158. A Third Example of Compound Structures 192 



PART III. 

BOOFS. 

59. Definitions 193 

60. Roof Trusses 193 

61. General Data 194 

62. Description of the Roof over the Large Hall at the Universiliy of 

Michigan. 194 

63. Load on the Flat Part of the University Bool 197 

64. Weight of Snow 199 

65. The Pressure of Wind 199 

66. Weight of the Dome on the University Boof 201 

67. Weight of the Main Trusses 201 

68. Weight of the Cross Truss 201 

69. Results Collected 201 

70. Analysis of the University Roof Truss 202 

71. Cambre of Trusses 208 

72. Case of Secondary Trussing in which the Bays in the Lower Chord 

are equal to each other. 211 

73. Another Form of Roof Trussing 218 

74. The preceding Form modified. 223 



vit 



TABLE OF OOHTEHTB. 



PART IV. 



GENERAL PROBLEM OF TRUSSED GIRDEB8. 
Va ear ram 

ABTXCLS. PAM 

176. General Equations 224 

176. Foioes in a Plane 226 

177. Applied Forces Vertioal 226 

178. Lower Chord Horizontal 231 

179. Upper Chord Horizontal 232 

180. Both Chords Horizontal 232 

181. Case of a Horizontal Beam. 234 

182. Perfbctlt Flexible System 233 

183. Forces in a Plane 237 

184. An Liyerse Problem '. 241 



APPENDIX L 



DBH0K8TRATI0N OF A GRAPHICAL MODE OF 80LTIKG FROBLBMS. 



APPENDIX n. 

TABIiB OF THE MECHANICAL PROPERTIES OF THB MATERIALS OF CON- 
STRUCTION. 



PREFACE. 



Tms book contains the substance of my lectures i pon Trussed 
Bridges and Roofs as given to the senior class in civil engineer- 
ing in the University of Michigan. They were mostly delivered 
extempore, but in preparing them for publication I have fol- 
lowed the same order and treated of the same subjects as were 
given to the class, excepting that in the lectures the problems 
pertaining to " Minimum Material " were omitted. 

The lectures were intended to give to the student a correct 
knowledge of the elements of the subject There was but a 
slight attempt to treat of the details of the several trusses which 
were considered. Indeed it is generally unprofitable to treat 
of isolated details in the class-room. As a general rule, only 
such subjects should be taught in technical courses as admit of 
classified principles. The conditions which determine all the 
(Qualities of a " detail '' are so infinitely varied that only general 
rules can be given for their construction. I am aware, how 
ever, that much more can profitably be done in this direction 
tlian has been here attempted. 

During the lectures I often suggested problems as exercises 
for the students. Some of these I have entered in the body of 
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the work, and I have with pleasure given credit to those stu- 
dents who first solved them. 

I have not been able to prepare in time for this book the lec- 
tures upon Tubular and Suspension Bridges and Arches. 

Dk V. W. 

BoaouEx, N. Jh •/iow. im UOL 
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part 1. 



FOEMXTLAS PERTAINING TO STRAINS ON SINGLE 

PIECES. 

1, — ^iNTROBiTOTORT RBMARK. — In proportioning bridges 
and roofs, and other similar mechanical structures, we generally 
assume, at first, that the several parts are reduced to physical 
rigid lines, and tho several stresses to which they are to be sub- 
jected are determined on statical principles, without regard to 
the sizes of the pieces which are to be used. After the stresses 
have been determined, the several pieces are proportioned to 
resist those stresses. The size of each piece may thus be deter- 
mined separately, without any reference to the size or position 
of the other pieces which compose the structure. We may 
therefore determine the formulas which are applicable to single 
pieces when they are subjected to different strains, without 
regard to the office which they are to perform in a given struc- 
ture. This has been done for several of the more simple cases 
in the author's Resistance of Materials, 

Several of the formulas which are applicable to these cases 
are here brought together for convenience in use ; for i;ie 
proof of which the reader is referred to the author's work 
above mentioned. Some other cases are also added with tiieir 
accompanying demonstrations. 
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9. — NOTATION. — The following notation is used, which if» 
here arranged alphabetically. 

A = the area of a transverse section of a piece. 
h = the breadth of a rectangular piece. 
O = the modulus of resistance to cmshing. 
d = the depth of a rectangular piece. 
8 = the weight of a cubic inch of volume. 
A = the maximum deflection of a piece which is bent. 
d^ = the distance of the most remote fibre from the neu- 
tral axis in a bent piece. 
2? = the external diameter of a cylinder. 
2?i = the internal diameter of a hollow cylinder. 
jF = the coefficient of elasticity for a longitudinal stress. 
JF, = the coefficient of elasticity for transverse shearvng 
stresSj the approximate value of which is = J ^. 
T = the moment of inertia of a section. 
I = the length of a beam, column, or other simple pieces. 
3f = the maximum moment of applied forces. 
Mx = the general moment of applied forces. 
JP = the load applied at a single point of a beam or other 

piece. 
r = the radius of a circle, and when it is external, let 
r, = the radius of the internal circle. 
Ji = the moduhcs ofruptv/re in a bent beam. 
8 = the modul^us ofrwpture for transverse shearing stress. 
8g = the total transverse shearing stress. 
T = the modulas of tenacity. 

w = the load per unit of length when it is tmiformly dis- 
tributed. 
W = the total load on a beam. 
X = the variable abscissa. 

y = an ordinate perpendicular to the axis of the piece. 
For values of the raoduH and coefficients, see Appendix. 

3. — CASE! OF A HORIZONTAIi BBAIH l¥niOB[ IS FIXBD AT 
ONB BXTRBMITT AND BEAS A HFBIGHT, P, BBSTINO irPON 

rBB FRBB BXTRBiniTT} as in Fig. 1. 

The general moment of P is 

Pm. 
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Fig. 1. 

The maximnin moment of P is 

PI. 

The general value of the transverse shearing stress is * 

S. = P. 
The dimensions of the beam to resist rupture may be found 
&x)m the formula 

PI = ---., and if the beam is reo- 

taDgular we have 

PZ = |J?W (1) 

If the beam is rectangular the maximum deflection is 



Ehd^ ■ E,U 

When the beam is long compared -with the depth, we have 
with snfficient accuracy 

^=*:S- « 

EXAMFLB. — ^A beam whose length is 12 feet is fixed at one end, free at the 
other, ^ = 4 inches, <{ = 13 inches, E = 1,000,000 pounds. Beqnired the 
weight at the free end which will deflect it two inches, f 

V^ 4. — S17PPOSE THAT THB BBAIH IS FIXBB HORIZONTAIiIiT 
AT ONB BND, IS FRBB AT TMB OTHBR, ANB HAS A IiOAB 
UNIFORHIiT DISTBIB17TBB OTBR ITS WHOI^B I^BNOTH. — 

The beam may be fixed as shown in Figs. 2 and 3. 
The general moment of the load is 

* The general yalne of the transverse shearing sizess is the first differential 
eoeffioient of the general moment of applied forces in reference to x. 

\ When used as a text-book the stndent should be required to solye the ez 
amples. The answers are purposely omitted. 
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Fig. 2. 



Fio. 8. 



The maximum moment of the load is 

The general yalne of the transverse shearing stress is 

The maximnm shearing stress is 

The dimensions of the beam to resist rupture from transvene 
strain may be found from the formula 



iTF? = 






and if the beam is rectangular we have 

^Wl = ^libd* 



(3) 



If the beam is prismatic and rectangular, the maximimi 
deflection is 

^ = 1-^^35 + 



and if the beam is long compared with the depth, we have 
with sufficient accuracy 



j=i 






(4) 



BzAMPLB.— If E= 1,200,000 pounds, Et = 400,000 ponnds, & = 8 Inches, 
i2 = 6 indhes, ^ = 5 feet, and the load 20,000 pounds nnif oimlj distribnted oyer 
the whole len^^ zeqnized the maximnTn deflection. Also the yalne of JS in 
Bq. (8.) 
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8. — I«BT TKV BBAIE BB HOBIEOlfTAIf, 8VPPOBTBB AT 
rrs SNBS ANB A WBIOHET APPI«IBB AT ANT POINT. FigB. 4 

and 6 represent the case. 





Fig. 4. Fio, 5* 

Let (? = AJ)y the distance of P from ^, then the general 
moment of JP between A and D is 

^Paj. (6) 

and between D and J9 it is 

pJ=fL (6) 

The maximnm moment of the load is at D^ and is 

— ^P (7) 

The general yalne of the transverse shearing stress between 
A BudD is 



and between D and J? it is 









If the beam is rectangular, its dimensions to resist rupture 
may be determined from the formula 

The deflection of the beam at i!> is (omitting libe shearing 
resiBtance) 
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If c exceeds i Z, the maximnm deflection will be between A 
and JD ; but if it is less it will be between D and JS. In all 
cases maj be taken on the end which exceeds -^ 2. If it is so 
taken, the point of maximum deflection is 

V 8 {l-o) • 
This value, substituted in the following expression : 

will give the maximum deflection. 

The expression thus becomes very complicated. The more 
common case is that in which the load is at the middle of the 
beam. 

^ 6* — J*Vt TSB BBASE BB HOBIZONTAIi, 817PPORTEB AT 

ITS BNBS, ANB SUSTAIN A i^oAB, P, placcd at the middU. 
The general moment of P is 

iP». (8) 

The maximum moment is at the middle of the beam, wd is 

\Pl (9) 

The general value of the transverse shearing stress is 

\P (10) 

If the beam is prismatic and rectangular, we have for the 
dangerous section 

\Pl-\Rld^.... (11) 

The maximum deflection of the beam is at the centre, and is 

^ = i8l7+5E:2' ^'^ 

which becomes for rectangular beams 
and, by omitting the last term, becomes 
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BZAMFLsa 1. — ^A beam whose length is 16 feet, is supported at its ends, 
and is to sustain a weight, P = 8,000 pounds, placed at the middle. Bequired 
the breadth and depth, so that d shall be 4d, and M = 1,000 pounds. 

3.— K I = 12 feet, b = 1 inch, d = 4 inches, E = 27,000,000 pounds, 
E, :i= ^ E^ how much load placed at the middle will be required to deflect the 
beam ^ of an inch ? 

"^ 7.— I<BT THE BBAinr BB HORIZONTAIi AND SUPPORTED 
AT OB NEAR ITS EXTREIIIITIES9 AND HATE A I<OAD UNl- 
WOUMIaY distributed OTER ITS WBEOI^B I^BNOTBU 

f I 

FlO. 6. 

The general moment of the load is 

iw{lx-o^) ....(15) 

The maxiTmim moment is at the middle of the beam, and is 

iwP = i Wl (16) 

The general value of the transverse shearing stress is • 

i wl—wx (17) 

The maximum shearing stress is at the ends, and may be 
found by making aj = Ooraj = ?in the preceding expression ; 
hence its value is 

i wl or -i wl = +i TT. . ..(18) 

If the beam is prismatic and rectangular, we have for the 

dangerous section 

i Wl=^\Rhd^ (19) 

The maximum deflection is 

384 JST %E^' ^^ ^ 

which for rectangular beams becomes 

md by omittmg the last term becomee 



8 



FOBHULAS FBBTAINIKG TO 



BzAMPLB.— If a beam whose length, Z = 10 feet, depth, d = 3 inoheii 
breadth, d = f inch, coefficient of elasticity, E = 25,000,000 ponnds, is sap- 
ported at its ends and uniformly loaded ; zequired the deflection when the 
greatest strain on the fibres is 12,000 pounds per square inch. Use equations 
(19) and (22). 



8. — I<BT TBEB BBAM BB HOBIZONTAIj, FIXBD AT ONB 
BXTRBMITr, SUPPOBTBD AT TUB OTH[EB, ANB HATB A 
WBIGHT, Fj AFPIiIBB AT ANT POINT. FigB. 7, 8, and 9. 





Fig. 7 



Fig. 8. 




Fig. 9. 



To produce the greatest strain, P must be placed at a dis- 
tance of 0.634 of the length of the beam from A ; or AD 
= 0.634 I. For this case the general moment of the load on 
2?^ is 

-0.475 (Z-a?) P, 

and for the part i> -4 it is 

(0.169 I - 0.525 x) P. 

The maximum moment of stress is 

0.174 PI. 

The general value of the transverse shearing stresB ift 

Sa = 0.475 P for DB, and 
= 0.525 P for DA. 
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For prismatic rectangular beams we have for the dangerous 
section 

0.174 PI = \Rhd^ '. . . .(23) 

The maximum deflection (omitting shearing resistance) is at 
0.6045 I from A^ and is 

^^' (24) 



A = 0.00957 



jUI 



For rectangular beams, / = -^gbd*. 
For cylindrical beams, 1= ^irr*. 



^. 



\. — 1<BT THB BBASE BB HORIZONTAI<, FIXBB AT ONH 
BND, 8UPPOBTBD AT THB OTBEER, ANB ITNIFOBMIiY I<OAD« 
BB OTBB ITS l¥HOIiB I^ENGTB. 




Fig. 11. 



The general moment of stress is 

M^ = im»(4aj— 3Z) (25) 

The maximum moment of stress is 

Jf=TbFZ .(26) 

The general value of the transverse shearing stress is 

Ss = wx — f wl. 
The maximum shearing stress is at £, and equals 

For the dangerous section, for prismatic rectangular beams 
we have 

iWl^^Hhd' (27) 

The maximum deflection is 






(28) 



QUB8TION& How does the maximum deflection in this case compare with 

that in Article 7 for the same load ? In which case is the beam most liable to 
break f In which case is the shearing stress greater at the middle f 



10 

lO.— I-BT 
POINT. 
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TBOB BBAIE BB BORIZONTAI., FIXED AT /BOTH 
1 HTBIOMT BB8T UPON IT AT TUB BIIBDIiB 




Fig. 19. 
The general moment of stress is 

M^ == i p {i-^y 

The maximum moment is at -4, or ^, or Dy being the same 
for each point, and is 

M^ ±i PI... (29) 

The general value of the shearing stress is 

Ss = iP. 
The dangerous section for prismatic beams is at A^ or £j or 
2>, and for rectangular sections, we have 

iPl = imd' (30) 

The maximum deflection is (omitting shearing stress) 

^^ (31) 

192^/ ^ ^ 

11. — liBT THB BEAIK BB H[OBIZONTAI<, ^IXBB AT B<^T1I 
ENDS, ANB A I<OAB VNIFOBIfTIilT BISTBIB17TBB OTBB LkM 
VFHOI^E liBNGTH. 







Fig. 18. 



The general moment of stress is 



W 



-3/; = jj [?-6aj(Z-HB)]... .(82) 
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The maximtmi moments are 

Jf = tV^j which is for A and B (38) 

Jf z= ^ Wly which is for the middle of the beam. 

The general yalue of the transverse shearing stress is 

aS', = i wl—wx. 

The maximum value of the transverse shearing stress, which 
is at the ends, is 

S. = +i wl 
At the dangerous section for prismatic rectangular beams, 
we have 

tVTTZ = \BU\ (34) 

The maximum deflection is (omitting shearing stress) 

^ = Tk^ (35) 

^ 13. — INCRBASING liOAB.-IiET TCIB BBAIH BB HORIZON- 
TAL, SVPPOJBTBB AT ITS BNB, AND liOABEB VNIFOBJflLY 
OVBR ITS HTHOIiB LBNGTH, AND ALSO AN ADDITION AL LOAB 
HTHICH BEGINS WITB[ NOTHING AT ONB BNB ANB I.V 

CRBASBS 17NIFOR0KLY TO THB OTBLBR, aS in Fig. 14. The 




Fig. 14. 



space between the lower convex line and the horizontal one 
just above it, is the form of the beam of uniform strength for 
this case. 
Let W = the total weight of the uniform load, 

TTj = the total weight of the uniformly increasing load, 
and the other notation as before. 
The general moment of stress is 

The maximum moment of stress is at the point 
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which value, substituted in the preceding equation, gives the 
maximum moment. The case becomes much simplified by 
neglecting the uniform load. Letting TT = 0, and the general 
moment becomes 

and the abscissa of the point of maximum streas becomes m =s 
i y/ Sly which in the preceding equation gives the maximum 
moment, 

The general expression for the transverse shearing stress, for 
the general case, is 

The point of maximum shearing stress is for a? = Z, and its 
value is 

/S; = + i TT + f TT,. 

13. — PARTIAIi liOAD. liBT THB BBAIK BB H[ORIZONTAIi9 
SVPPOJBTBB AT ITS BNDS, ANB A VNIFORIH IaOAJD OTBS A 
PORTION OF ITS LBNGTH[. Fig. 15. 

r y^ 

._.^^_A^aB*Ma«M>***«**w^'**' 




.i^...- 



=5=gT 




* ^5 



▲ F 

Fig. 16. 

Let ^ a =^ D E ^ the length of the uniform load ; 

X •=^ AF-=- the distance to any section from A ;' 
O the centre of the load ; 
Zj = J. (7; and 

There are three cases, as follows : 

The general moment between A and D is 

M^ = Vx or iwa-j X, 

in which x must not exceed AD. 
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The general moment of stress nnder the load is 

2^^« 1 / 7 X. 

= — j-^ flj — i t(7 (» — Z, + a)*. 

The maajmnm moment of stress is 
toa 
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The general moment of stress between £ and jS'is 

JT, = - F. Q-x), 
in which x must equal or exceed the horizontal distance A£i 
The shearing stress from Jl to i? is 

S.=z V. 
The shearing stress under the load, from 2? to jF, is 

/S, = F— i^(aj-Z,+a) (37) 

The shearing stress from ^ to J? is 

c 

PBOBLEM& — Find the yidae of Jf Eq. (86) when li=z a, and disousa it In 
reference to U, Find the valne of the shearing stress for the same caae, and 
§how at what point it is a mazimmn. Find where the shearing stress is zero. 
DiBcnss the case when li =. A. 



S.=- F,= 



14. — A GENBRAIi CASE.-A HORIZONTAIi BBABI IS liOAD- 
BB AT ANT NVmBBR OF POINTS. 




Fig. 16. 



Let the notation be as in the flgare. 



Then F= ?^ and F.zr^-P** 



I 



I 
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The general moment of sbteea is 

rflJ-P,(«-n,)-P,(a>-nO, &c (38) 

to iBclade all the terms of P's in which x is less than the n 
with which it is joined in forming the moment. 
The shearing stress is 

S, = V-P-P,-P„~&c (89) 

including all the loads between A and the section which iB 
considered. 



15. — OBLtQttB STRAinS^BBAns FIXED AT OITE END AKD 
9 APFI.IBD AT THE FBBK BHD. 



.^- 




Pio. 17. Fia 18. 

Let X be connted from the free end- Then the moment of 
traoBveise stresa in both cases ia 

F,io. 

' The maximom moment is at the fixed oncL, and ia 

F,l. 

In Fig. 18 the stress P^~Peoa6 tends direetly to compress 

the piece, and in Fig. 17 P^ tends to elongate it. If the beam 

is rectangular, and breadth h and depth d, the Btresa on a nnit 

P, 

be deducted from the modulus of rupture in determinjig the 
strength of the piece. Hence we have for rectangulu" pria- 
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matic beams, at the dangerous section, in either case (see 
Beaistanoe of Materiah^ Article 114, third edition) : 



or. 



PmK6.l = ^iR- 



Peoad 



U ) 



\ldr 



Examples. — ^1. A pxismatio beam whose length is 10 feet, is inclined at an 
angle of 30 d^frees to the vertical, and is to sustain a weight of 1,000 pounds ; 
the modnlns of mptore (i2) is 10,000 pounds, the breadth is 8 inches ; required 
the depth for a ooefficent of safety of y^. 

2. For the same length, weight, modulus of rupture, and ooeffioient of safety 
as in the preceding example ; required the dimensionB when the beam is 
square. 



16. — ^INOIilNEH BBAJI1.-I«ET THE BEAM BE INOIilNEB TO 
THE HORIZONTAIiy AND A 1¥EIGHT, P, BEST UPON IT 



AT ANT POINT. 




Fig. 19. 



Let I = AC =z the horizontal distance between the centres 
->i the bearings ; and the other notation as in Figure 19. 
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We then have 



V+r, = P, and 



by moments we have 



...F=|P;alBO 

By resolving the applied force and reactions, wr ha'^ 

c 

JT, = F, C08 i = -' P cos i, 
Z, = Fj «m * = ^ P sin i. 

V 

jr^ = P COS i. 

Z^ = P sin i. 

In tliis case there is no thrust on A tending to push it over, 
or similar pull on £ ; but the whole stress on A and £ is 
vertical. But the strain due to the stress Fj is oblique to the 
axis of the beam, and it may be resolved into two com- 
ponents, one of which (JV^) is normal to and the other (Zj) par- 
allel to the axis of the beam. The same is true of P and F 
The original strains are therefore oblique to the axis of the 
beam throughout the whole length. The reaction F, has a 
component, Zj, which pulls on the piece ; and similarly Z, one 
of the components of F, pushes on the piece. The sum of 
these efforts equals the longitudinal component Z, of the 
weight P. 

.*. Z, = Z + Zj, 

or, Psini= Ysmi + V^sinu 

In a similar way we have 
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Each part of the beam or rafter A E and B E^ ]& now 
under sabstantially the same condition as thoee in the pre- 
ceding problem. The dangerons section for prismatic beams 
will be at Ey directly under the weight P. Hence we have for 
the moments of stress and strain, for rectangular sections at the 
dangerous section, 

Similarly, we may find the strain by considering the reaction 
Fjjthus: 



I 



There is an apparent discrepancy in these results, the 
quantities within the parenthesis being different except when 
L = Zj. This may be explained by considering that if the 
weight P is divided in the ratio of V to F„ and the two 
weights removed an infinitely ^ort distance from each other, 
as in Fig. 20; then will the two longitudinal components of Fj 
balance each other, being equal and opposite. The same is true 
of F. Hence, within the infinitely short space between a and 
hj there will be no longitudioal strain ; and hence in this case 
we shall have for this section 

^'^'^P = \BhcPi 



I 

and which may be considered true for an ideal transverse sec- 
tion through the centre of action of P, Fig. 19. But this is an 

2 
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ideal case. In Fig. 20, the strain immediately at the left of a 
is given by' equation (40) and that at the right by equation (41). 
Hence in any practical case we should use equation (41), if Z 
exceeds L^ ; and equation (40) if the reverse be true. 




Fig. 20. 



This may be still further illustrated by supposing that the 
beam is horizontal, and acted upon by th^ resolved forces of 
Fig. 19. Suppose in Fig. 21 that there is a pin at E to resist 



.I' 






P 


/' 






1—^ f 


^ 


f 


. k f 




"">L 






^*-i 



Fig. dl. 



the strains which in Fig. 19 were induced by P. Then the 
force Z, pulls along EB and finally against the pin E, Simi- 
larly, the force Z pushes along AE^ and finally is resisted by the 
pin. Hence, at the left-hand side of the pin, E^ the pressure is 
L^:=^ L -^^ L^\ but just at the right of that point the pressure 
is Zj as before stated. 



'1 
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^ 17. — A liOADBD BRACE.— liBT A BEABI OB BBACE BB9T 
AGAINST AN ABVTMBNT AT ITS I«01¥BB ENB, AND AGAINST 
A TBBTIOAIi UTAIili AT THET VPPBB BNB, AND SUPPOBT A 
WEIGHT, P, AT ANY POINT. 

Figure 22 represents the case ; for it 
makes no difference at the upper end 
whether it rests against a vertical wall, 
or post, or other vertical surface; or 
has a horizontal force applied there 
which is sufficient to keep it in the 
same position as a vertical surface. p^^ 22. 

Let AB = the length of the brace (or rafter) ; 
D = AE=i the rise; 

I = EB = the run, or horizontal projection ; 
P = the weight which is applied at ; 
rd = BF'=- the horizontal distance of the point of 

application of the weight P from B ; 
^ = the angle BOF^ BAE ; 
P, = the reaction of the support B ; 
H{=^ the horizontal pressure at B ; 
H^^ H^ the horizontal pressure at A. 

It is a principle of statics that the sum of all the horizontal 
components of the applied forces, for equilibrium, is zero; and 
similarly for the vertical components. 

Hence P = P„ 



JT= JZ 
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Taking the moments about P, and we have 

ED^^PTd 

.\H=n P^ — nP tang (42) 

Taking the moments about Ay and we have 

PJ= H,B -^ (l~n)PZ, 
in which make P, = P. Eeduce, and we have 

H^=z n P-jr =:z nP tcmg as before. 
In a similar way, assuming that S = H^y and we fiml 

p =p. 
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Resolving the force ITinto two others, one of which shall be 
perpoidicular to the axis of the beam, and the other parallel to 
it, as shown in Fig. 23, and we have 



L' =sS ai/nd = nPtang 09mff = nP ~ — =. 

" 0080 

N' = Rcoi e^nPt(mg6oo86 = nPnn9 
The components of P are 

N=P»ine (43) 

L = P ms 9. (44) 

The oompresaiou due to the longitudinal components are ; — 

between A and C, L' ^nP — ^ ; (46) 

between G and B, 

^ + -^' = 5;p^[»"'''« + «"■«] w 

The same result may be obtained by resolving the forces at 
the lower end. 

^ IS. — niSCVSSION OF THE PBECEDINO CASE. 

1, If the rafter is vertical 5 = 0, and equation (45) gives E 
= 0, and equation (46) gives L= P ; and (42) gives E = 0. 

2. If the weight is placed at A, we have « := 1, and 
equation (42) gives II = P tang 0, and 
equation (46) gives L ■\- L' = P secB. 
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3. If P is placed at the lower end, or at J?, we have ;i = 0, 
AMd equations (42) and (46) give zero, while (46) gives P 
cos 0, This does not give a strain, but is simply ihe longitudi- 
nal component of JP. 

4. If P is applied at the middle, #t =: i, ani we have 

3:^iPt€mg0. (47) 

L' ^\P tang 0dn0 (48) 

L + L' ^ ~g\\ iM0 -^ cofoX (49) 

5. If the rafter is hofiioiital the several strains become 
infinite. 

19. — The moment of trans vei'se stress between A and OiB 

N' x' = n iV sin 

in which aif is reckoned from A. And between C and B it is 

{ir-^ ]S^')x = {l-n)Pxsin0 

in which x is reckoned from JS. 

Hence, for rectangular beams, we have for rupture between 
A and C, 

nP^sm0 = i(jS - ""^ ^^7) ^ 
The dangerous section is at O^ for which we have 

P X AGsm = illi ^^ — i-^— ! — Ti ^) oar , ..(50) 

' \ • od cos / 

Problems. — 1, A beam whose leng^ is 30 feet, breadth 6 inches, depth 
13 inches, is inclined at an angle of 60" to the vertical ; required the weight 
which it will safely sustain when traced at the centre. Gall B 1,000 pounds. 

d. Bequired the load at the centre which the same beam will sostain if hori- 
zontal. 

3. Bequired the load which a beam of the same breadth and depth as in ex- 
ample 1, and whose length is the horizontal projection of that beam, will sus- 
tain if placed at the centre. 

S 30. — liOABBH nAVTBXL.-CASM OF A RAFTBR WfllOH IS 
LOADBH VNIFORMIiT OTBR ITS WHOIiE liENOTH. 

Let w = the load per unit of length, 
X = any distance measured from -4, 
W = the total load on the rafter, and 
{ = the horizontal projection of the rafter. 



n 
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VIS.S1 

Taking ihe momenta about B we have 

.•.ff=i W L^i WtanffB. (51) 

which according to Eq. (47) is tiie same as if the whole load 
were concentrated at the centre. 

The load on ic is wai and according to equation (44) the loa- 
{■itndinal component of it ia 

L = was eos 6, (52) 

tnd the longitudinal component of the thrust at the upper end 
ie 

L' = Sdne =^ WtanghainB; (53) 

which according to equation (48) is the aame aa if the whole 
load were concentrated at the centre. 

Hence the total comprcBsion at any section whose distance 
from .il is a;, is 

L + L'=vxB0OB6-Jfk WtangB si/n,e (54) 

At the lower end x becomes AS and we have 

Z + Z' = 5-^r2(M«»5 + aiTi'tf I = —^11 + cofe\ ..(5V 

At the middle « = i A^ and the longitudinal compression 
at the middle ia 

i Wseoe (56) 
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The normal component of J7*is 

JIT' = IT COS dzzzi Wtang $008 = i;Wdn 0. 

The normal component of the load wx is 

If =^ wm si/n 0, 
Hence we have for the equation for rupture at any point, 
for rectangular sections, 



or 



Wx — wx* = „ . a I JS --j^ ^ \bd* (57) 

d 8tn 01 2 od cos J 

From equation (67) we have 

8*mf r^ n WXCOS0 Wsin*0 

^"" i?^ L J ^^ ^^ Rdcosff 

If the depth be constant we may easily find from this equa- 
tion the position of the dangerous section. By differentiating 
and placing equal to zero we have 

dh 3 sm 0V Tir o 1 wcos 
dx Hd" \^ J^ JSd 

/. flj = i AB + ^ cot 0. 

This value in Eq. (57) enables us to find the proper value 
for b. 

It is much more difl&cult to find the position of the dangerous 
section when b is constaQt and d variable. 

EzAHFLES. — 1. A rafter whose length, ABj in 20 feet, breadth 2 incheb, 
depth 6 inches, inclination to the yertdcal 60 degrees, is loaded uniformly 
oyer its whole length. If JS = 1,000 pounds, required the load which it will 
sustain. 

2. A rafter whose length is 80 feet, breadth 2 inches, inclination to the hori* 
zontal 25 degrees, B = 800 pounds, is required to carry 40 pounds per foot of 
its length ; required its depth, 

"^ $tl. — sTRBNGTfl OF piiiiiARS. — The general formula foi 
determining the strength of long prismatic pieces which are 
subjected to longitudinal compression is 

P^isi. (68) 
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The strength of square piUan which rest <»i a flat base 
and the upper end of which is also flat and secured in its posi- 
tion, may be determined from the followii^ 
1iheoreti(»il formula. 




P = 



ni*JSb* 
IF f 



(59) 



If the columns are cylindrical, with the same 
conditions in other respects, we have 






(60) 



For hollow cylindrical columns, we have 
P = J TT* ^!:lr!i '.(61) 

These formulas, according to Navier and 
Weisbach, should be used only when the length 
exceeds 20 times the diameter for cylindrical 
columns, or 20 times the least thickness for rectangular col- 
umns ; and Navier says that only ^ the calculated weight 
should be used for safety for wooden eolimms, and J to |^ for 
irbn ones, but Weisbach uses -^ in the case of cast iron and of 
wood. 

Practical men are disposed to distrust these formulas as 
being too theoretical. They use instead thereof Hodgkinson's 
empirical formulas, which were deduced from a long series of 
experiments ; or Gordon^s formula, which was deduced from the 
same experiments. The results given by these formulas do not 
differ very largely from those given above. 

33. — GORBOIf'S RtTLfiS FOtt THB BRBAKIN« WKIOHtT IN 
POUNBlSt, OF IRON PIIiliARS 1¥ITH[ FI^AT ENBS, THE KNBfi^ 
BEING SEOtJRER SO TTBIAT TSElT CANNOT MOTE LATER AI«IiT, 
ANR ETSNIiT RISTRIBUTER OTER THE ENB SURFACES. 

The thickness of the metal in hollow columns not to exceed 
1^ to i^ of the external diameter. 



FOK OAST lEON, P = - 



HOLLOW CYLIKDRIOAL PILLARS. 
80,000 A 



1 + 



800 i?* 



(62) 



' ■ ' 
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in which A = the sectional area of the metal in sqnarc inches, 
I = the length of the pillar in inches, 
D = the outer diameter in inches, 
P = the breaking load in pounds, and 
80,000 = the crushing strength of cast iron, which 
is a low value, and hence safe. 

FOR WROUGHT IRON, 

p_ 86,0 00^ 

"l . l_ (63) 

^ 3,000 2?" 

SQUARE HOLLOW PILLARa 
D 80,000 A 

FOR OAST IRON, P = ? 

1 J — - 

^ 533 *• 

D 36,000 J. 

FOR WROUGHT IRON, P = -' 

^ "*" IpOO" i^ 



SOLID PILLARa 

„ 80,000 A 

FOR OAST IRON, P = •' 5= ,^ .. 

1 . i__ (6^ 

"^ 266 V 
^ 36,000^* 

FOR WROUGHT IRON, P = ^ *> .^^. 

•^ ■*" ^i;oo6'j^ 

33. — ^nm. c. SHAiiSR sittrrci^s porbiijiiA for the strength 
of white or yellow pine square pillars. 

p _ 5,000 

. 0.004^* ..-{66) 



* 



« 



* For tables computed from these formulas, see TraiUmn^s ^nffine&f^t 
Pocket-Book, pp. 238, 239 and 240. 
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34. — ^HODGKINSOIPS FORMUIiAS. 

TABLE 



In which P 

d 

d^ 

I 



For the abiolute strength of eohimns. 

oroshing weight in gross tons, 

the external diameter, or side of the column in inohee, 
the internal diameter of the hollow in inches, and 
the length in feet. 



Kind of Golumn. 



Solid Cylindrical Columns of ) 
cast iron J 

Hollow Cylindrical Columns) 
of cast iron, ) 

Solid Cylindrical Columns of ) 
wrought iron f 

Solid Square Pillar of Dant- ) 
zic oak ) 

Solid Square Pillar of red ) 
dry deal. J 



Both endsroundedf the 
length of the column ex- 
ceeding fifteen times its 
diameter. 



i* = 



P 
P 



TONS. 

14.9 -jr.-, 

S.78 9.70 

d — di 
13- 



^1-7 



= 43 



d» 



76 



l^ 



Both ends flat, the length of 
the oolnmn exceeding thirfiy 
times its diameter. 



P = 



TONS. 

44.16-^ 

d dt 

44.34 * 



P 

P = 133.75 

P = 10.95 ■ 






P = 



7.81^ 



The above formulas apply only in cases where the length is 
so great that the column breaks' by bending and not by simple 
crushing. One-fifth of the results given by these formulas, is 
considered safe in practice. 

If the length of the column is less than that given in the 
table, and more than four or five times its diameter, the strength 
is found by the following formula : 

W = ^'^^ (67) 

F + iOK ^^ 

in which P = the value given in the preceding table, 

£" = the transverse section of the column in square 

inches, 
O = the modulus for crushing in tons (gross) per 

square inch, and 
W = the strength of the column in tons (gross).* 

* James B. FranciB, G.E., has published a set of tables which gives the 
strength of cast-iron columns, of given dimensions, bj means of equation (67), 
and also by those g^ven in the above table. 
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ftS. — WBIGBTT OF PIIiliARS. 

TABLE 

Of the weights in pounds of piBars in terms of their lengths (0 in feet^ whep 
loaded to one-fifth their crushing strength (P) in pounds. 



Kind of Pillar. 



Solid Cylindrical Col- 
nnm of cast iron. 

Hollow Cylindrical Col- 
umns of cast iron, 
di =nd. 

if 71=0.98 

if n=0.»5 

if n=0.935 

if «=0.90 

if »=0.875 

if «=0.85 

if »=.0.80 

»=0.75 



Solid Cylindrical Col- 
umns of Wrought 
Iron, 



Square Column of Dant- 
zioOak. 



Weight in ponndt. 



Both ends rounded. 
<> 16 d. 



0.003881665 (P.?-") ^^ 
0.006001775 {P.P-^^^ 
0.007265678 (P.Z>-")^ 



0.023926469 (P.?-*^ 

^ l-w" 
0.024892078. 



T.hs 






Both ends flat. 
1>S01. 



0.008896144 (P.^«) 
0.009373430 (P.?-»«)^*^ 
0.010261387 (P.r«)^^ 
0.011862718 iP,^-^^^ 
0.018297906 (P.P")T^ 

0.014116881 (P.P-«»)T?« 



(Cubic foot weighs 47.24 
I>onnds.) 



0.009321706 (P.r-*»)T:»Ty 

0.009300164^7-— f^-j— : 
(1—71' ")T:fTy 

0.001658133 (P.f«.*»)"n+7ff 
0.002489827 (P,P'*^^)^rT 
0.002987882 (P.is-*")T:+TT 
0.003406063 (P,P'*^^)^rs 
0.003773531 (P.f».«»)T:fTy 
0.004106903 (P.i»«»)TTfTy 
0.004702651 (P.r-*")"^^'^ 
0.005233852 (P.r'«»)T:fTy 

0.004993604 (P.r«»)T^TTf 



a001223770 iP\P) 
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TRUSSED BRIBGEa 

CHAPTER L 

DEFINITIONS AND DATA 

36* — nEFiNrrioNS. — a structvrb is au assemblage of 

pieces so joined that the whole may act in sustaining weights, 
or the pressure of water, or the pressure of wind, or other 
physical pressures. The points at which the pieces are joined 
are usually called joints. The pieces between the joints are 
usually rigid, although this is not necessarily the case, for a 
flexible piece as a rope, wire, or chain, will resist a pull as 
effectually as a bar of iron. Structures may be composed of 
earth, or masonry, as well as of iron, wood, or other materials. 

A FRAiitB is a structure which is usually composed of wood, 
or iron, or both combined, the pieces being joined at points, 
and the whole so constructed, arranged and secured that it may 
carry loads, or resist the action of external forces. 

A BBAM is a simple or compound piece which is usually 
supported at its ends for sustaining a, transverse or oblique 
stress. Beams are sometimes built up, in which case they may 
be called compound beams. 

A GiRDBR is either a simple beam, or a framed assemblage 
of pieces so constructed that it may carry loads when it is sup- 
ported at its ends or at other intermediate points. 

A TRUSS is a framed gi/rder. It is a frarhCy but a f ramie 
implies more than a trv^s. A f ramie is a more general term. 
We gpeak of a fra/med house, but not of a trussed house. 
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Frami/ng relates to the joining of the parts, trussing to arrang- 
ing the parts bo that the frame may not be distorted under the 
action of the forces to which it is to be subjected. Hoofs are 
often trussed. Many bridges are called trussed bridges. Truss- 
ing generally implies hradng. Thus, a trussed partition is a 
braced partition. In bridges and in roofs, ties often take tlie 
place of yroAies, The distinction between girders and trusses is 
not always made, although the tendency seems to be to use the 
former as a dignified name for a beam, and the latter as applica- 
ble to braced and tied structure. 

A SEmi-TRUss is a truss which has no support at one end, as 
in Fig. 56. 

A BRIDGE is a structure over a river or other body of water 
for supporting moving loads. It usually connects two roads in 
such a way as to form a continuous road. A bridge may be a 
frame^ or it may be an arch, or it may be composed simply of 
beams, or it may be suspended by cables. These several forms 
give rise to several classes of bridges. For the purposes of 
analysis it is convenient to divide them into— 

1. Tettssed Bbidges. 

2. Tubular BErooES. 
8. Suspension Bbidges. 
4. Abohed Bbidg£». 

6. Compound Steuotukes. 

Each of these admit of several subdivisions, as will hereafter 
appear. 

A viABiroT is a structv/re for carrying a roadway over low 
ground, where there is not necessarily any water. The struc- 
ture may be in all respects like a bridge. 

A ci^oRB is the upper or lower member in a truss. It 
extends from end to end of the structure. There are usually 
two chords, an upper and a lower chord. These may be 
parallel, as in Figs. 69 and 88, or tha upper one may be curved 
(arched) and the lower one horizontal, or both may be curved. 
These pieces by some English writers are called booms / and by 
others, stringers. The lower chord is often called a tie. Tlie 
upper chord is sometimes called a strcdning beam. 

A TijB is a piece which connects two parts and is subjected 
to tension. 



30 



TBEATIBE ON BBmOES. 



A vrmvT is a general term which is applied to a piece in a 
tmss which is subjected to compression. In proportioning it, 
.it is treated as B,jpiUar. In its more restricted sense, it is a 
short piece which is subjected to compression. 

A TiE-STBUT or STBUT-TiB is a picco which may be sub- 
jected to tension and compression at different times, for differ- 
ent conditions of loading. 

A BRACB is an inclined piece which is subjected to compres- 
sion. It is an inclined strut In bridges, braces are sometimes 
distinguished as mairv-hraces and counter traces. This distinc- 
tion is quite unnecessary in an analytic point of view, as will be 
seen hereafter, but it is so common in practice that it will not 
do to ignore it. 

A ]iKAiN-BRAO£ is a bracc which inclines from the end of a 
truss towards the centre, as in Fig. 26. 




U CHORD 



^LQWER 



Fig. ^. 



A couNTBR-BBAGB is ouc which incliucs from the centre 
and toward the ends. In the same panel the counter-brace 
inclines the opposite way from the main-brace. See Fig. 26. 

A TiE-BBAGB performs the oiBce of both main and counter- 
brace. It is the same as a tie-stbut. 

A KING-POST is a term applied to a truss in which there is a 
central tie (or post) and two braces resting against it as in Fig. 
28. This is an old and familiar term, and came into use when 
the central piece was made of wood and resembled a post, al- 
though its office was that of a tie. A hraeed post or a hraced 
tie^ would seem to be a more appropriate mechanical term. 

A ai^EEN-posT TBUSS is a tmss in which there are two 
p(#sts (or ties) and against which rest two braces. The horizon 
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tal piece between the upper ends of the posts is often called a 
sPraming hea/m. See Fig. 49. This is also an old term and 
has become familiar with long usage, but, mechanically speak- 
'ng, it would be much more appropriate to call it a^ trapb- 
jsoiBAii TRUSS. There are other forms of trusses which in out- 
line resemble a trapezoid, and it does not seem necessary to 
separate this case from th0 more general one. It may, however, 
be desirable to do so on account of its frequent use in roofs, and 
bridges of short span. 

87. — THB liOAD. The load on a bridge consists of two 
parts ; the first part being permanent and due to the weight of 
the bridge, is sometimes called the " dead load ; " and the sec- 
ond part being " temporary,'' is composed of moving trains of 
cars, or teams, or persons, or other loads. The latter is some- 
times called " the moving load," or " the live load," or " the 
surcharge." The i^itb IjOab may be assumed, or is given in 
the original data, but the permanent IjOAD must be assum- 
ed, and can be accurately determined only by successive ap 
proximations. For it is dependent upon the thing which we 
seek viz., the dimensions of the parts of the bridge. We there 
fore, at first, assume such a value for the total weight as is in 
dicated by other similar structures, and after the dimensions of 
all the parts have been computed, the weight is calculated from 
these dimensions ; and if the assumed weight does not largely 
exceed the computed weight, it will not be necessary to review 
the calculation. 

I have examined the weights of several wooden railroad 
bridges, and 1 find that for spans of about 150 feet, they aver- 
age about 1,200 pounds per linear foot. We may assume for iron 
bridges of spans from 100 to 180 feet, from a half to three- 
fourths of a ton, and from 180 to 250 feet, from three-fourths 
to one ton per foot ; and for spans of 300 feet, about IJ ton 



The Conway tubular bridge, England, weighs about 3,000,000 
pounds and is 400 feet long, and hence weighs about 7,500 
pounds per linear foot. 

The liivB i<OAi> is generally assumed to equal or slightly ex- 
ceed the greatest load which wo thinkwill ever be placed upon 
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ibe bridge. For a railroad bridge the heaviest load would be 
that of a ti-ain of locomotives, extending from end to end of the 
bridge — or at least over one span of it. If the bridge is long 
it is not probable that so heavy a load would ever be placed 
upon it, but it makes thfe computation much more simple to 
assume this load,, than it does to consider one or two locomo- 
tives followed by a train of cars which is much lighter ; and 
the error, if any, which resultSsf rom the assumption, is on the 
safe side. 

English and American engineers assume that a train of loco- 
motives will weigh one ton (gross) per foot of length. Morin 
says that the French locomotives weigh about f of a ton per 
linear foot.* The maximum weight of a train of merchandise 
on the road from Paris to Lyons is given as 1674 kilog. per 
metre of length,* or more than one-half ton (net) per foot. 

In Traite Theoretique et Pratique on the construction of 
metallic bridges by MM, L. Motinos and C. Ponnier, p. 60, the 
following values are given ; the length in metres, the weights 
i 1 1 rench tons. 



Length of the Spcm. 


4m 
tons 

8 


6m 
7 


10 m 


16 


so 


26 


80 

• 


40X 


60 


Weight per metre 
of length nni- 
formly distri- 
buted. 


6 


5 


4.7 


4.5 


4.5 


4.5 


4 



Which in English units gives, to the nearest tenth, 



Length of Spaa in feet. 


18 ft. 


1»^ 
2.2 


1.8 


4BH 
1.5 


66 
1.4 


1.8 


1.8 


lao 


196 


Weight per foot of length 
uniformly distributed. 


tons 
2.5 


• 

1.8 


1.1 



So that for long bridges they recommend rather more than 
one ton (net) per foot. It is advisable in all cases to allow a 
larger coefficient for safety for short spans than for long ones, 
for they are liable to be subjected to much gi'eater concen- 
trated loads and to more severe local shocks. As much as 
16,000 or 18,000 pounds may rest upon the driving wheels 

* Morin, BMistanee des Matlriaux, pp. 333 and 334. 
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of an engine, wldch load extends over a few feet only. In this 
country one ton per foot is commonly used. 

For common road bridges we may safely assume that the 
maximum load is what it would be if completely covered with 
men. 

For suspension bridges the French engineers use forty pounds 
per square foot.* Navier recommends 42 pounds per square 
foot.f But a crowd of persons will weigh much more than 
this. Picked men closely packed in one experiment weighed 
eighty-four pounds per square foot. An experiment by Mr. 
Nash, architect of Buckingham Palace, iu which he wedged 
men together as closely as possible, secured 120 pounds per 
square foot.:]: • 

S 8 • — s AFB i<o AB« A structure should not be so heavily load- 
ed as to damage the elasticity of the materials which compose 
it. It is impossible to tell the exact load which the structure 
can sustain without passing this limit, but considerations of safety 
and durability demand that one should keep on the safe side. 
Hence it is often the case in practice that bridges are made IJ 
to 2 times as strong as would be absolutely necessary if the 
materials were all of a known standard quality and the work- 
manship practically perfect. In order to make the structure 
safe against all these contingencies, it is made several times as 
strong as is necessary for sustaining the load at the crushing 
limit. 

99.— ^THB FACTOR OF SAFBTT is the ratio of the computed 
strain to the actual strain ; or in other words it is the ratio of 
the load which would just crush the structure to the assumed 
load. There is no absolute rule for determining the proper value 
of i\A^ factor. Its value is assumed arhitra/HZy by the engineer, 
although its extreme limits may be determined by experiment 
and observation. For instance, experiment shows that they^c*- 
tar for the tension of wrought iron should never be so small as 
2 ; and when the load is applied without shock it ought not to 
be less than 3. It seems evident also that it is unnecessary to 

* Mahan's Giv. Eng,^ p. 257. 

t Weisbach's Mech, and Ehig, (3d Ed.), VoL n. p. 64. 
X Tiautwine'8 Eng, F<}oket-Book, p. 297. 
3 
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allow BO large a factor as 10, or 8, or even 6 for wiought iron 
where there is no shock. But in all practical cases in bridge 
construction there is some shock due to passing loads, and hence 
we may assume ?k factor as large as 6, as is shown in the following 
list. Between these limits its value depends chiefly upon the 
choice of the engineer. From 4 to 5 is a very common value 
for wrought iron subjected to tension or cross-strain, from 4 to 
6 for cast iron, and 10 for wood. 

The following are the values used by several engineers and 
authors : — 

Factors, 
Messrs. May and Grissel 3 

Mr. Brunell 3to5 

Messrs. Basbrick, Benton and others '. . 6 

Mr. Hawkshaw 7 

Mr. Glyn 10 

Bow for wrought-iron beams 3.5 

Weisbach, for wrought iron 3to4 

Vicat for wire suspension bridges more than 4 

,^. , . , , .J ( for posts and braces 5 to 6 

1 ink, iron truss bridges -^ ^ ^ . i •. *r 

' ° ( for cast-iron chords 7 

Fairbaim, for cast-iron beams 5to6 

0. Shaler Smith, compression of cast iron 5 

Rankine and others, for cast-iron beams 4 to 6 

Mr. Clark in Quincy Bridge, lower chord , 6 to 7 

Washington A. Roebling, for suspension cables 6 

The Detroit Bridge and Iron Company 5to6 

Morin, Vicat, Weisbach, Eond^let, Navier, Barlow, and 

many othera say that for a wooden frame it should not 

be less than 10 

For stone, for compression 10 to 15 

Mr. Fairbaim deduced the following conclusions from ex- 
periments which were made by him in regard to beams and 
girders, whether plain or tubular. "The weight of the girder 
and its platform should not in any case exceed one fourth 
the breaking weight, and that only one-sixth of the re- 
maining three-fourths of the strength should be used by the 
moving load." According to this statement the maximum 
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load, incltiding the live and dead loads, may eqnal^ but should 
not exceed, 

i + ioff = | 
of the breaking load. Hence ^[asb factar of safety must not be 
less than 2.66 when the above conditions are fulfilled. This 
value is, however, evidently smaller than is thought advisable 
by most engineers. 

The rule adopted by the Board of Trade, England, for rail- 
road bridges is " to estimate the strain produced by the greatest 
weight which can possibly come upon a bridge throughout 
every part of the structure, which should not exceed one-fifth 
the uUvmate strength of the TnetcdP They also observed that 
ordinary road bridges should be proportionately stronger than 
ordinary railroad bridges, 

30« — ABSoi<i7T£ ISODI7I.I78 OF SAFBTT. -Somctimcs an ar- 
bitrary value is assumed for the maximum strain in pounds per 
square inch to which the material may be subjected. Such a 
value is called the absolute mod/al/us of safety. 

The following values are generally assumed for the modukbs 
of safety. 

g Fonads per KiDan inoh. 

Wrought iron, for tension or eompression, from 10,000 to 12,000 

Cast iron, for tension^ from 8,000 to 4,000 

Cast iron, for compression, from 10,000 to 20,000 

"Wood, tension or eompressian, from 850 to 1,200 

(granite, from 400to 1,200 
qoartz, from 1,200 to 2,000 
Stone, from 300 to 600 
limestone, from 800 to 1,200 

The practice of French engineers,* in the construction of 
bridges, is to allow 3.8 tons (gross) per inch upon the crossHsec- 
tion, both for tension and compression of wrought iron. 

The Commissioners on Kailroad Structures, England, estab- 
lished the rule that the maximum tensile strain upon any part 
of a wrought-iron bridge should not exceed five tons (gross) per 
square inch. 

31. ^EXAMPIiES OF STRAINS THAT HATB B££If VSBII IN 

PRAonoAii OASBS. The margin of safety that has been used 

♦ Am. R. R. Times, 1871, p. 6. 



36 



TSEATISE OK BBIDGES. 



in various structures may or may not serve as guides in design- 
ing new structures. If the margin for safety is so small that 
the structure appears to be insecure and gives indications of 
failure, it evidently should not be followed. It serves as a warn- 
ing rather than as a guide. If the margin is evidently exces- 
sively large, demanding several times tlie amount of material 
that is necessary for stability and durability, it is not a guide. 
Any engineer or mechanic, without regard to scientific skill or 
economy in the use of materials, may err in this direction to 
any extent. But if the margin appears reasonably safe, and 
the structure has remained stable for a long time, it serves as a 
valuable guide, and one which may safely be followed under 
similar circumstances. Structures of this kind are practical 
cases of the approximate values of the inferior limits of ih^fao- 
tors of safety. The following are some practical examples : — 

ISON TRUSSED BBIDGBS. 



NAME OF THK BBIDOS. 



Paasaio {Lattice) 

Place de TEurope {Lattice) 

Canastota {N. T. C. R. iJ.) {Lattice) 

Newark Dyke ( Warren Girder) 

Boyne Viaduct {Lattice) 

Charing Gross {Lattice) 

St. Charles, Mo. ( JThipple Truss) 

Louisville, Ky . {Fink Truss) 

Keokuk and Hannibal 

Quincy Bridge 

Kansas City Bridge 

Hannibal Bridge {Quadrangtdc^ Truss), . 



TBMSIOBr. 

Tons 
, per square inch. 


OOMFBIBSSION. 

Tons 
per sqnare inch. 


6i to 6 

5 
5 
5 
5 


4ito 5i 

3J 

4 

5 

4 


' PonndB 
per square inch. 


Pounds 
per square inch. 


12,000 

7,000 to 12,000 
9,251 
10,000 


12,000 
J to 1 the strength 

8,962 
Factor of safety,5 


Factor of safety, 5 


Factor of safety ,5 



WOODEN BSmOBS. 



NAMS or THK BBIDaS. 



Cumberland Valley R. R. Bridge. . 
Portage Bridge (JT. 7, <& E. M, B.) . 



HAXnCTTM BTBAnr. 



635 pounds per square inch. 
Factor of safety, 20. 



EXAHFLBS OF BBIDOBS. 
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VAMK or XBfi BBIDOS. 



Menai 

Hammezsmith 

Pesth 

Chelsea , 

Clifton , 

Niagara 

Suspension Aqueduct, Pitts- ) 
burgh, Pa. 7 spans each, ) 

Cincinnati Bridge 

East Biver 

Highland {propoMc[) 



Spaa in feet 



580 

422i 

666 

384 

702i 

821 

160 

1,067 
1,600 
1,600 



strain in tons Strain in tons 



pereqoare 

inoh. From 

Bridge. 



4.21 
5.88 
5.01 
4.86 
2.90 
6.70 



9.1 

• • • • 

• • • • 



per nquare 

inch. Bridge 

and Load. 



8.00 
9.36 
8.11 
8.07 
5.08 
8.40 



11.7 

• • • • 

• • • • 



Factor of 
safety. 



8.9 
8.8 
8.9 
8.9 
6.4 
5.8 

4.0 
6.3 
6.0 
6.0 



TUBULAB BRIDGES. 



VAMK OF VBtDQMt 


SPAV. 

Feet. 


TOB -WSXGHT OF BBXDOX 
AND LOAD, 




Tension. 
Tods. 


Ck>mpre88ion. 
Tons. 


Conway. ., 


400 
460 

. • • 


6.86 

8.00 
4.75 


5 08 


BritrfMinift (Oflntral span) .*,.,...,,•**.,*. 




Pflmritli (Tubular ffirder) 


• • • • 

4 25 







OAST IBON ABGHES. 



VAKB OF XHS ABOO, 


spijr. 

feet. Jndhea. 


TSBSSD son. 
feeb inohes. 


STBAIir 

PXB SQTJABB 

INCH IN TOira. 


Austerlltz. ,, • 


106 
152 2 
102 5 
137 9 
197 10 
120 


10 7 
16 1 

11 4 

15 

16 5 
20 


2.78 


Carrousel • 


1.46 


St. Denis • 


1.37 


Nevers. 


1.90 


Bhone 


2.37 


Wefltminst^r. . . , 


3.00 
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BTOKE AB0HB8. 



VAKB OV THB ASOH. 



Wellington 

Waterloo (9 Arches), . . . 

Neuilly 

Taaf {8(mth Woks). 

Turin 

London 

Chester 



Spaa in feet. 



100 
120 
128 
140 
147 
162 
200 



Yened sine 
in feet. 



15 
35 
32 
85 
18 
38 
42 



Pressore -pee 
eqnare inch 
in pounds at 
the key. 



175 
151 
172 
244 

293 
215 
849 



Factor of aaf e- 
t7 at tlie point 
of greatest 
strain. 



11.3 
20.0 
lt6 

8.0 
10.2 
14.0 

8.6 



CAST STEEL ABGH. 



NAKBOFABOB. 


BPAH. 
feet 


FAOTOB OF 
HAFBTT. 


Tiiinnig ftTi4 ftt. LonJs BTidir© 


515 


6+ 







STONE FOUNDATIONS. 







Pillars of the Dome of St. Peter's {Bcme) 


16 


" *' " St. Paul's (Z<wtf<w) 


14 


** " " St. Genevieve (Porw) 


7.6 


Pillars of the Church Toussaint (Angers) 


10 


Merchants' Shot Tower {Baltimore) 


4.8 


Lower courses of Britannia Bridge 


81 


Lower courses of the piers of Neuilly Bridge (Parw) 

Foundation of St. Charles' Brid&re (Missouri) 


15.8 
12 to 14 


Foundations of East River Bridge * 


10 to 20 







* ^^ Li the stonework the pressures vary from 8 to 26 tons per square foot. 
Stone used is granite, selected samples of which haye borne a crushing strain 
of 600 tons per square foot. Some will not bear over 100 tons per square 
foot. The general average is necessarily much less than that of the best 
•pecimena." — Statement of the Chief Engineefi^ Washington A. Boebling. 
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33« — PROOF itOAS. — The proof load is a trial load. It is 

intended as a practical test of a theoretical structure. 

It generally exceeds the greatest load that it is ever intended 
to put upon the structure, but it should not be so great as to 
impair its elasticity. If the proof load is much in excess of 
the load which will ordinarily be placed upon the structure, it 
should remain on but a short time, and should be put on and 
removed in such a way as to avoid shocks as much as possible. 
Eoicesswdy oewere proof strains may do much harm by perma- 
nently damaging the resisting properties of the materials. 

33.— FRAMING. The art oijrammg pertains chiefly to the 
manner of joining the parts of solid materials so as to resist 
strains. This is a very important item especially in wooden 
structures. I have seen frames in which the pieces were so im- 
perfectly secured to each other at their ends that they would 
fail there long before they were strained to the amount whith 
they were expected to carry, making a frame very weak which 
in all other respects was very strong. Some of the approved 
methods for joining the ends will be indicated hereafter. In 
making the analysis of structures we shall assume that they are 
properly joined, and that they will yield only by their elasticity 
for such loads as they are intended to carry. 

It is worthy of note, since joints cannot be made perfect, 
that where several joints are involved in carrying a strain, 
if one is over-strained, it will yield by its elasticity and thus 
bring into action others whicji were less strained. Were it not 
for this principle it would be exceedingly difficult to make 
large compound structures which would be durable. 

THE SIMPLE GIRDER 

34.— THB siMPiiB oiRDKR may be composed of a single 
piece of wood, iron, steel, or other metal, or it may be com- 
posed of several pieces firmly secured together so as to act like 
a single piece. Large beams and arches have been made of 
planks or even boards firmly spiked together. Some prefer 
built beams of this kind to solid ones, because they can select 
their timber and be certain that it is all sound, whereas it is 
difficidt to secure large solid pieces, as some parts are liable tc 
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Fig. 26 a. 
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be Bhdhy while the greater part is sound, or ihey may have in- 
ternal defects. A built beam cannot be stronger than a solid 
one (as some have supposed), when the material in the solid one 
is as good throughout as that in the built one. If the piecea 
which compose the built one are large, they must be framed to- 
gether. Figure (26 a) shows some of the approved modes of 
joining or splicing timbers. 

If two equal timbers are simply placed over each other, as in 
H, Fig. (26 a), the strength of the two is double that of one, but 
if they can be firmly joined together so as to act like a single 
beam of the same depth as the two, the strength will be fov/r 
times that of a single one. 



' ' I I 1 I ■ 1 



Fig. 27. 

If a BRiBGB be made of several beams placed side by side 
as in Fig. 27, we may determine the breadth or depth of each 
as follows: — 

Let W = the total uniform load ; 
I = the span ; 
It = the modulus of rupture ; 
5 = the breadth of each beam ; 
A = the depth of each beam ; and 
n = the number of beams. 

Then according to equation (19) we have 

•••* = *^^;<^^ (67a) ■ 



^=*\/: 



ZWl 



If the depth of each beam is r times the breadth we have 

\Wl-\ nr'Bb' 

...5= •/T^ 



' / 
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In the same way the dimensions of floor joists may be deter- 
mined. 

ExAMFLsa 1. The load on a floor is fifty pounds per square foot. The 
joists are twenty feet long, twelye inches deep, and are sixteen inches from 
centre to centre. What must be their breadth if ^ = 800 pounds ? 

2. The joists in a floor are twenty-two feet long, three inches thick, twelve 
inches deep, and twelve inches from centre to centre. How much load pei 
iquare foot will be required to break them it B = 8,000 pounds ? 



CHAPTER IL 



Kma-POST AND QUEEN-POST STSTEMa 
KING-POST SYSTEM. 

Sff* — THB KINO-POST TRUSS is frequently employed in 
bridges of short span, and in the construction of roofe. Its 




Fig. 28. 



Fig 29. 



construction is simple, and it is very rigid. The common form 
is that shown in Fig. 28. In modern constructions a vertical iron 
tie is substituted for the post, and a horizontal iron tie is often 
substituted for the wooden one, as shown in Fig. 29. In bridges 
the inclined pieces are called braces, but in roofs they are 
called rafters. We consider two general cases: 1st, that in 
which the braces are equally inclined ; and 2d, that in which 
they are unequally inclined. 




Fig. 30. 



In bridges the load will be upon the supported chord A <7, 
Pig. 30, and we may assume without being far from the truth 
that one-half the load on AD is supported at jD, and the other 
half at A; and similarly on DC. This hypothesis is exact if 
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there be a joint at D, But if the beam be continuous from A 
to C^ and tiie load uniformly distributed, the point D will sus- 
<^ tain f of the total load (see Article 98, EedstcmGC of Mate- 
rials). 

Let P be the load which is sustained at D. This is the only 
load which causes strains on the tie BD and on the braces; the 
remainder of the load being carried directly by the abutments. 
The load P produces a pull equal to P on DB^ and thence a 
push on each of the braces AB and BG, Of the load P, each 
of the supports A and G carries V ^ ^ P, 
Let P = the strain on DBy 

V = the reaction of the support A due to jP, 

H = the horizontal strain on the tie AG^ due to P, 

Q = the strain on each of the braces, 

= the inclination of the brace AB to the vertical, 
D = BD = the depth of the truss, 

1 = AD = DG, and 
L = AG = the span. 

Suppose that the parts are reduced to rigid right lines, and 
that the joints at A^ B^ and G are perfectly flexible. 

Take any convenient distance on the vertical line ulFi to re- 
present the reaction of F. Through the upper end of the line 
thus assumed, draw a line parallel to AD and prolong it till it 
meets AB ; — ^and this line wiU represent the horizontal pull on 
the tie A G^ and the distance from A to the point where the line 
intersects AB will represent the push on AB. Hence from 
this small triangle we have 

y^\p 

Q = Y%ec e-\P %eoe 
J7= Ytange:=^\Pt(mge] 

We also have tamg = -^-j. = -^, and 

. AB y/FT^ 

'"^ ^ = BDzzr^'~ 

•••^ = *^— 5— . m^ \ 



(68) \ 



j5r=iP^ 



(69) 
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If the angle at ^ is right, will be 45 degrees and I ■=• D ; 

This may also be solyed bj directly resolving P, thus: — ^take any portion of 
DB^ as BCy to represent P, and draw ca parallel to BO, Then will Boo re- 
present the triangle of forces; Ba representing the strain on BA^ <io that on 
BG, and Be that on BD. In this case, the rafters being equally inclined, Ba 
= ac. Braw ad parallel to AD and it will represent the stress onAO= H\ 
and Bd = de; = ^ P. Hence we have from these triangles ad = Bd tang 0, or 
H=:^P tang 6 ; also aB = Bdseoe ox Q =z j[ Pseeeythe same as before. 
We also have from similar triangles 

aB : Bd :: AB : Pi), or 
. QiiP:: VFT'B' \D 

.'. Q = iP ^^^ ^ as before. 

Having found the amount and character of the strains we pro- 
ceed to proportion the parts. Observe that if there are two 
trusses to carry the load we divide the total strains by two. T 
being the modulus of the tenacity of the main tie, and -S"it8 
section, we have 

For the vertical tie we have 

^=Y ^^^^ 

For the rafters or main braces, suppose that the ends are 
rounded, and we have, if their length exceeds fifteen times their 
diameter, (see article 24,) 

<2 = 13^-^, (73) 

for hollow cast-iron pillars ; and if other matenals or forms are 
used, the proper values can be taken from the table. If the 
length is less than fifteen times the diameter, use equation (67). 
Or use Gordon's formulas (article 22). 



ExAHFLBS.— 1. If the span is 80 feet (which is too long for a bridge of this 
kind, bnt may do for a roof), depth 16 feet, nniform load one ton per foot of 
length, required the pnll on the horizontal tie, and the pnsh (or compression) 
on the rafters. Also required the proper dimensions of the rafters if they are 
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square aad made of dry deal, {ybte, — ^In this problem assume that P is one* 
half the total load.) 

2. If the span is 80 feet, the inclination of the rafters to the horizontal, dO"", 
the load on the central yertioal tie, 10,000 lbs., required the depth of the truss 
and the strains upon the several parts. 

3. Required the slope of the. main brace so that the strain on it shall equal 
P. Find the corresponding strain on the main tie. 

4. If the span is 40 feet, length of post 8 feet, P — 2,000 lbs. ; required the 
strain on the braces, and thrust on the horizontal tie. 

Ans. Q — 2,692 lbs. JET— 2,500 lbs. 



Ill the case of roofs^ if the load is upon the main rafters, 
there will be no strain on the vertical tie due to that load, and 
its only service will be to support the long tie at the middle. 

One of the objections to a flat truss of this kind, or, in other 
words, one in which the slope of the rafters is small, and in 
which the tie is composed of wood, is the difficulty of securing 
the ends so that they will not split out, or fail from longitvdir 
nal shearing. Fig. 31 shows some of the modes of securing 
them. 
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Hah resists the thrust of the rafter by its lonffittidinal 
shea/ringj its length must be 

, _ JSbr. thrust 
"" 50 X breadth, 

for pine, hemlock, and spruce. For oak we would have 

, _ JETor. tJirust 
"" 100 X breadth. 

These are for an eight-fold security. 

If the rafters are of wood, and the long tie of iron, it is easy 
to secure the ends. For the braces may be made to rest squarely 




Fig. 82. 
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against a caAt-iron block, or shoe, to which die tie-rods may 
be attached in any convenient way. 
The tie may terminate with an eye for 
receiving a pin, and by the arrange- 
ment shown in Fig. 32, the cast-iron 
piece will be subjected to compression 
only. 

A/ 36.— iNVKRTKB KING-POST. — ^If the Idng-post truss be in- 
verted, and supported as before, at the ends of the long tie, as in 
Fig. 33, the amount of strain on each 
part will be the same aa before, and 
hence may be computed by the same 
formulas ; but the character of the 
strains will all be reversed. Thus, if a 
load is at Z^, the piece D ^ will be com- 
pressed, the inclined pieces A B and B O will be under ten- 
sion, and the piece A C will be compressed. 

37. — A BRACED BEAM. — ^Thc middle of a beam may be 
supported by two braces, the lower ends of which rest against 
walls as in Fig. 34. In this case the 
strain on the braces is the same as in 
the king-post truss, and the thrust 
against the walls is the same as it 
would be upon a tie which would con- 
nect the feet of the braces. The pres- 
sure of the rafters against each other at their upper ends is 
equal to H. The beam which supports the load is not involved 
in this system of strains. It is a beam supported at three points, 
or of two beams supported at their fends. 

38* — ^MINIMUM voiiUiriE OF iTEATERiAii. — Giveu the length 
of the truss, and the load upon the vertical tie, it is required to 
find the depth of the truss, so that the total volume of material 
in the truss shall be a minimum. 

Let D (fig. 29) be the unknown depth, and I half of the 
known span. Jf, the section of the Aertical tie, may be found 
from the formula, 

T 
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Letting the long dimensions (D and I) be in feet, and the 

transverse dimensions (^and d) be in inches, so as to conform 

with the notation in article 24, and we have for the volume in 

inches 

" ^ ^^ 12 DP 
\2DK^ —ji— {a) 

The strain on the long tie is 

iPtangd = P^; 
and its section is 

^ "" 2 DT'' 

and its volume is 

K^.'i^l^t^ (5) 

The strain on the brace is 



hence if the braces are dry deal and square we have (see 
article 24) 

* ^ -B ^ T* ~ ? + -£>* 

By sol ring this in reference to <?, we have for the section of 
a brace in inches, 

and the volume of both braces is 

2xl2lAr+:D.-x^ = 24^jg^(r + 2>»)* (.) 

Hence, by adding equations («), (5) and (c) we have for the total 
volume in inches 



12 DP 12 PV 



+ — ^7- + 



^V3m^(^+^) 



T ^ T 
which is to be a minimum. Hence by differentiating we have, 

The general value of D cannot be fonnd from this equation, 
and hence the problem cannot be easily discussed. 



P FP 
TJy 
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Example. 1. If T = 12,000 Iba., 1=20 feet, and P = 20,000 pounds ; 
required Z>, and oonsequently the slope of the rafter for a minimum quantity 
of material. 

2. If T = 12,000 lb&, < = 80 feet, and P = 2,000 pounds, required 2>. 

Question. ^-Does D increase or decrease as P increases ? 

If the truss be invkrtkb, as in Fig. 33, and the notation the 
same as in the preceding example, and the load on the support- 
ed chord as before, we have for the section of the vertical post, 
if it be of oak (see article 24), 



k 



= e? = 2? \/— 



10.95' 
and its 



volume ^B^J-^^ 00 



10.95 

PI 

The strain upon the long chord will be jrjr-y and its section^ 

if of oak, will he cP == I y ^ , and the volume of the whole 
chord will be, 

volume = 2 P y/ gj-g-;^ («^) 

The strain upon the long ties will be -J P — '-~ , and 

hence the section = -^ =r , and the volume of both 



volume = -7^ - — 5? — i (A) 



ties will be, 

volume = ^ ^^ 

••• TotalvolumewiUbe />• v/^+2?v/^ + ^(^, 
which is to be a minimum. 

• /ZHn— /ZZTTL — :^ 1 4.^-0 

V 2.74 V 21.9 • 2?" T ly^ T'' 

from which the value of D may be found, and hence the slope 

of the tie-rods. 

The problem is simpiiiPiBB by supposing that the resistance 

to compression varies directly as the section (which is true for 

short braces). For these we eJiall have for Fig. 29, the strain on 
4 



60 



TREATISE ON BRIDGES. 



P 'J J^ A. jy 

the long tie as before = ^yr , and its section will be 

this value divided by t7 (modulus for crushing) and the volume 
of both braces will be this result multiplied by their length. 



/. volume of braces ^^ 



_P(P + IT) 



CD 



:{i) 



which value added to equations (a) and (5) gives for total volume 

^^^■*-^) 0) 



. ,, , DP ^ PP 

%n the truss = — j^— + 



+ 



T ' D T 
Hence, 

for a minimum we have 

P PV 

T 



CD 



C L^ O ~ ' 



Hence by fectoring we find that 

D = l, 
consequently, the inclination of the braces will be 45 degrees. 
The other value given by the equation is inadmissible. 

Hence the total volume of the truss becomes 



^^^(t+-^) 



(*) 



If r= (7 we have 



4 P 2? 2 P Z 



T ~ T ' 

that is, it is equivalent to a piece whose length is twice the span, 

and whose section is that required to sustain P by a direct pi;ll. 
The minimum material for the braces only is (using Eq. (*) ) 

c ^^r ^^^ 

39* — MINIMUM DSPRE8SION. — In a triangular frame, like 

Fig. 35, in which the braces and tie 
P i% are all of the same material and uniform 

section, it is required to find the inclina- 
tion of the braces, so that the depression 
of the vertex shall be a minimum for a 
load P, all the pieces being elastic. 

Let P = the load at the vertex. 

I = the length of the base. 

a = the lep£rt:h of each brace. 
Fig. 86. ® 
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D = the altitude of the triangle. 
i = the angle which the brace makes with the hori2on- 

tal tie. 
^ = the section of the pieces, and 
JS = the coefficient of elasticity. 

Then D = \/ ^« — . j^ and by differentiation, 

J r^ ada — i Idl , . 

^^ = ^^— ((^) 

in Which dD is a small depression of the vertex, and is to be a 
mmimtmij ^ is a correspondingly small compression of a 
brace, and (U a correspondingly small extension of the tie» 

We also have a = -. / 2? = i Z tcmg i : strain on rafters 

- — , =z P' y and tension on the tie == ^ P ooti. 



2 stri'i 

For the amount of compression, we have (see JResistcmee of 
Material8\ 

P'a PI PI 1 



da = 



EK 2JS£8mi2cosi 4c JEJSr'coeimii 



bimilarly,— <W = ^ EK 

Hence, equation {a) becomes 

PI 1 



rfi> = 



I 



-. 4 co8^ 



] 



4 -£jK" sin^i loosi 

wliich is to be a minimum. By differentiating, placing equal 
to zero, and reducing, we have 

2 co8*i + 3 oosH = 1, 

one of the roots of which is 

cosi = "J 

hence the triangle must be equilateral. 

40«— TRUSSBD BBAins. — ^In a trussed beam, like Fig. 36; 
the total compression on the upper side is that due to the 
bending of the beam added to the horizontal puU of the 
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truss rods ; and the tension on the lower side is that due only to 
the bending of the beam. But it is difficult to determine the 
values of these strains^ for the strain on each is dependent 



^ 



CROSS 
S£Cr/OM 



^r^ 



Fio. 86. 



upon the distortions (compressions or extensions) of the other. 
So far as cast-iron beams are concerned, the value of such 
trussing has been determined experimentally by Wm. Fair- 
bairn, the results of which are reported in his work on Cast 
and Wrought Iron. The beams experimented upon were of 
the double T form, as shown in Fig. 36, and the truss rods 
were of wrought iron. He found it exceedingly difficult to 
adjust the strains upon the iron rods so as to secure the best 
result, but concluded that they should be so adjusted as to secure 
a strain of 2 or 3 tons before the permanent load was placed 
upon the beam. He also concluded that such beams were not 
reliable. 

The trussing of cast-iro^ beams, however, is not very import- 
ant at the present day, for solid rolled wrought iron ones can 
be made quite as cheaply, and are much more reliable. 

41. — RAISED TIK, OR DOUBIiS RAFTKRS. — If the lower 

chord (or tie) be raised, as in Fig. 37, the strains are consider- 
ably modified. This form 
pp of truss is conunon in roof 

construction, in which 
case the parts AD and 
BD are prolonged to the 
main rafters, ae shown by 
the dotted lines, and are 
secured to them^ In the 
case of roofs, the load will 
be distributed evenly over the main rafters, in which case 
the strains upon AD^ DB^ and DC^ will be the same as if 
one-half the load were concentrated at C^ and the other half 
sustained directly by the abutments. In order, therefore, to 

Su- ^. ^- Jt 
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Bimplify the problem, we will consider the case in which a load 
P is placed at the vertex O^ and the joints at D and O are per- 
fectly 'flexible. The pieces AG and ^C'will be compressed; 
AD^ DBy and VG will be subjected to a puU, At tiie joint 
D^ tiiere will be an upward pull equal to the tension upon CZ>, 
and at G there will be a downward pull equal to the tension on 
GD added to the weight P. It is also evident that the horizon- 
tal ^pt^A outward of J. (7 will be equal to the inward horizontal 
full of AD. In other words, the horizontal component of the 
strains \s^ AG and AD neutralize each other. This view of the 
X case makes the solution very simple, for we may suppose that 
the truss is divided into two trusses ; one of which will be 
AGB^ with a horizontal chord AB / and the other ADB^ with 
the same horizontal chord. 
Let P = the load at (7, 

t = the tension on CZ?, 
H = the horizontal component of the push and pull, 
t^ = the tension on AJ)^ and 
Q = the compression on AG. 
Take any distance A^ on the chord AB^ to represent the 
horizontal component, J7, of the strains; erect a perpendicular 
eo^ and from d and o, where it intersects the rafters, draw the 
horizontals ca and db^ then will Aa represent the reaction of 
the support for the truss AGB^ and Ab the reaction for the 
truss ADB ; Aa being 9^ push up, and AJb being a pull down, 
their difference, a5, will be the amount which is actually sus- 
tained by the abutment, and is \ P. Ad represents the pull 
on JJ9, and Ac the push on AG. 

For the truss ADB we have 

Ae : ed\\ AE : ED, oi 
H \ kty.AE: ED 
AE 



.\B'=it 



ED' 



(74) 



For ihe trnas A OB we have 

Ae:ee:: AE : EC, or 

H '. \ {P -^ {) :: AE '. EO. 



EO 



(75) 
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£qTmtionB (74) and (7&), being equal, give 



,:t = 



DO 



which IB independent of the slope of the rafters. 
We also have ed : Ad :: ED : AD, or 

i t': «. :: ED : AD 



•*• *» — Q 



tAD AD 



2ED~ IDC 



Also, 



60'. Ae v. CE: AC\ or 
\{P ^■€):q\\CE:AO 



(76) 



(77) 



(78) 



20E^ ' ' 2DC 

DISCUSSION. — ^From Eq. (76) we have, if ED = DOjt= P, 
UDC=0,t = oo. UED = 0.t = 0. 

AW 7. 

From Eq. (77), i£ DC == CE,t, = ^F = ^F, which • 

is the same as the second of Eqs. (69). 

From Eq. (78), i£ DC=0,Q = oo. U DC = EC, Q = 

AC 

n^yi P, which is the same as the first of Eqs. (69). 

TSenA suppose that the load is placed at 2>, as in Fig. 38. 
Then will the vertical stress at the joint D be P— t; and at the 
joint C it will be t. Proceeding as before and we have 




P-e 

'ED 
UED = 0,t = 



= _!L... < = 



EC 



EC "~ED + EC 
P, as it should. 



(79) 



SOLTinaN BY DIAGBAHS. 
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49. — ^DBFBsssBD TIB. — ^If the lowoT tie be depressed below 
a horizontal, as in Fig. 39, the 
corresponding joints being let- 
tered the same as in the preced- 
ing cases, the same forms of 
expression will give the strain 
on the several parts. Thus, if 
the load be placed at C^ the 
compression on CD will be 

the same as £q. 76. 
If the load be at 2?, the expression for the tension will be 

EG 




Fig. 89. 



^ = 



DC 



ED -f EC 

the same as Eq. (79). These expressions become identical when 
ED = EC. They are also independent of the slope of the 
rafters.* 

In these cases if the load be imif ormly distributed over the 
upper or the lower rafter, all the strains will be as above, except 
that on the rafter ; and the strains on that member may be 
found as in Article 20. 

43. — soi<uTioN8 BT BiAORAiHS. — To Bolve the case of the 
simple king-post. Fig. 30 ; draw a straight 
line CE^ Fig. 40, in the direction of the 
acting load (vertical), then take any point 
O B& an origin, jtnd draw OC^ OD^ and 
OE respectively parallel to J. J5, AD^ and 
BC; then wiU CE = P ; CD = iP = 
DE ; OD = jff", the horizontal thrust, 
and OC = C == ^® compression on 
the rafter. From this figure we have 

0D = n=^Ptangd 
OC^ Q = iP8eoe 

which are the same as equation (68). 

* See several analytical solutions of the preceding* problem, by S. W. 
Robinson, Glass of 1863, Univ. of Mich.— »7c>Mr. Frank, Inst 3d Series, p. 13, 




Fig. 40. 



^ 
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In a similar way to solve the case shown by Fig. 37, draw 

C a line CQ^ Fig. 41, take a point O and 
draw OC parallel to AC ; OD parallel 
to AD; Oi^ parallel to DB ; 00 
parallel to CB. Then will CD + FO 
= P ; DF= t; 00^ Q; OD = t^* 
Hence w§ have directly from this 
figure \,t\ \P \\ED\DG r. t = 

jrj^ P, as before, and similarly for the 

Pig. 41. others. 




44. — FINK TRUSS. — A Fink 7Vm^« consists of a combination 
of king-posts with equany inclined ties, as in Fig. 42. It has 
the primary system AGB ; the two secondary systems AhD 



'x 




Fig. 42. 

and DTcB ; the four tertiary systems Agb^ JnD^ Dje^ and dB^ 
and so on, when there are more systems. 

The load may be upon the upper or lower chord, but if it be 
upon the upper chord, there will be no necessity for a lower 
chord. Suppose that the load is imiformly distributed over 
the whole length of the supported chord. The divisions Aa^ 
ah J &c., are called hays. 

Let W = the total load, 
L = the span = A B^ 

JT = the number of bays in the supported chord, 
I = Z -^ JST =^ the length of each bay, 



* For a demonfitratlon of the principle upon whioh this solution is founded 
see Appendix. 
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D = the depth of the truss, and 
P = the load on a joint. 

W 
• P = — 

Suppose that a weight P is placed on each of the joints a, Jj 
£?, &c. Then the joint D carries i P which is at c? on the 
truss h i D^ and \ P which is at h on the truss Ah D^ and so 
on. Hence D carries one-half the total load, or 4 P in this 
case. Similarly, h and e each carry one-fourth the total load, or 
2 P in this case ; and «, c, d^ and f each carry P in this case. 
These values are the strains on the vertical struts. 

The first of equations (69) gives the strains on the ties. We 
have 

Strain on A g — — ^-^ — P = strain on h g^ h % i jD, 
Dj^j e^ and e I. 

strain on A Z>, Z> ^, and h B, 
St^in on ^ C = :^^?^4 P = .^^S^a P = 

strain on C B. 

The horizontal strain in the supported chord is uniform 
throughout, and equal to the sum of the strains due to each 
truss. 

Total compression on supported chord = iP-^+i.2P 

?^ + i.4P^ = iP-^ [1 +4 + 16 + &c.,iftherewero 
nore terms.] 

= lOJ P -=r- in this case. 

Example. — Suppose that a Fink Truss is 96 feet long, and is divided into 
8 equal hays, and the depth of the trass is 16 feet, and is loaded with 120 tons 
aniformiy distributed, including its own weight. It is required to find the 
strains upon all the ties and braces. 
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FlG^ 43. 



4ff. — ^sooF BirssBS, whiah somewhat resemble the Fink 

Truss, as shown iu Fig. 
43, are somewhat com- 
mon. In this ca^e, the 
lower ends of the sin- 
gle king-post trusses 
are in the outline of 
the main truss. In a 
roof, this truss is placed 
in an inclined position, and sustains a vertical load (chiefly), in 
which cases the analysis of strains differs considerably from 
the preceding, as' will be seen hereafter. If the truss is hori- 
zontal, the mode of analysis is evident from the preceding 
problem. 

p. 

46. — irNBi|irAi.iiT inoIiInbd bracks or TIBS. — If the 

vertex B of the truss is 
not over the middle of A C^ 
the braces A B and B C 
will be unequally inclined. 
Whatever be the charac- 
ter of the loading, sup- 
pose that the strain on the 
PI0. 44, tie -B 2? is determined. 

Let P = the part of the load which is supported at i?, 
Q = the strain on A B^ 
Q ^ u a " ^ (7, 

jEr=" " " J. (7, 

Vj = the amount which A sustains due to the loading at 

-D (and does not include that part of the uniform 

load which A sustains directly), 
V^ = the reaction at G^ 
i = the angle B A Dy 
i, = " '' B OAy 
^= " '' BA F„ 
I = the part A Dj 
I, = « " i? C, and 
Z = l + l^:=iAO= the total spaa. 




P 
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B7 the principle of the lever we have. 

Similarly, F. = ^^• 

Take any distance A gto represent V^j and draw g h paral- 
lel to A D^ and g h will represent the strain on A 2>, and A h 
the strain on A B. Hence we have 

.B:= V.tcmgd = -^ P.^ z= ^^F. (80) 

Similarly, ^, = -g \p ^ (82) 

Seooiid Solutioh. Take Bd to represent P. Draw ad parallel to BC^ dl 
parallel to ABy and ae pazallel to AD. Then 

Q : P :: ^ : Bd 
.^ 
•'• *- JSa^- 
AIao^zatf::!)!^: ADy ae:ed::OD:BD, aaad ao : AJDizoB : AB 

By oombuung these we haye --- = .^ _--. 

•■<i = Ac:m)^=^isr-P- <88) 

which is the same as £q. (81). 

Q:H:: Ba: ae:: BAiAD:: ^TTl^ : I 
AD.DC ill 

•••^=2aBS^ = X:5^'"^^" (^> 

Thibd Solutioh. Ba: Bd :: nnadB : Hn Bad. 

or : P :: eosii :nn (t* + »i) 

••• «= i5i(rrr)-P- («»> 

flimilwrly, 

«> = j5ryTir)^ •••; ^^ 

Also 

^=-r-7^-— 7.P fST) 

In these equations if 2 = d or i = »i this case reduces that of eqttaUp incUnea 
rafters, and the formulas become the same as for that case. 
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If the angle at ^ is right, i' + h = 90; and eqnatlonB (85), (86) and (87) 
become 

Q=Peo8Hz=P sini, (88) 

Q = Peo8i -Pnnh (89) 

H=:Pe08iea8ii=P eoainni (90) 

If ihe braces are equally inclined, i =r I'l and (85), (86) and (87) become 

nn2$ Sim 

FousTH SoLTTTiON. In the figure we have 

Bo:ca :: BD i DAox Bo\ H :: Dil 
deiea :: Bfifb :: BD . BO oi (sd: H :: D ih 

Bo + cd= P 



E = 



- Ih 



L.B 



P, as before. 



47. — If the truss be invbrted, as in Fig, 45, the supported 
chord becomes a straining beam, and the inclined pieces ties. 
If the load be upon the sup- 
ported chord at JD, the piece JDB 
becomes a strut, and directly 
supports P/ but if P is sus- 
pended at ^ the only office of 
J)JB will be to support the chord 
at D. If the upper chord be in- 
clined upward, as in Fig. 46, and 




B 



„^C "t- ^^"^ 



^y.^B^^^i^'^(R, 
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the load be suspended at D, th^^ece DO becomes a tie, and 
the compression upon it will be 

EO ^ 



t = 



DG 
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If P be placed at G^ we have 



t^ 



ED 
DC' 



and hence if JPC^ exceeds JS!Z>the compiession on CD will be 
less than P ; but if the point C falls below E^ and the load 
remains at (7, the compression on CD will exceed -P. 

48* — BoiiiiisAN's TBI7SS. — A skclcton or outline of Boll- 
man's Truss is shown in Fig. 47. In this case, as in many 
others, the novel feature does not consist so much in the outline 
or skeleton as in the details of construction. Mechanically 
speaking, this truss consists of a series of king-posts with 




unequally inclined ties. The vertical pieces are struts, and the 
long chord is common to all the several trusses. 

The details of the construction consist in the manner of 
joining the several parts. Thus, the chord, instead of being 
continuous, is made in sections, or separate pieces of hollow cast 
iron, which abut against each other at the joints Dy E, H^ etc., as 
sl\own in Fig. 48. They are usually octagonal. The long tie 
rods, ACy AFy etc., are not attached rigidly to the lower ends 
of the posts DCy EFy etc., but instead thereof each pair, as 
A C and (Zff, AF and FB^ etc., is attached to a link, which 
link is attached to the lower ends of the posts. This prevents 
cross strains upon the posts when the rods are expanded or 
contracted by changes of temperature or changes of strains. 
The rods of *a pair, as A Cj CB^ being of unequal length, will be 
unequally strained for any load (see Eqs. (81) and (82)), and 
should be proportioned to resist the strains. If they are so 
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proptMlioned, they, being of mieqiial length, will be imeqiially 
elongated for any change of load, and heneo would tend to 
carry the point <7 to the left If they are contracted, they 
would tend to carry the point C to tiie right. So of other 
points. The li n k offers some flexibility at these pointa. 



Pig. 48. 

The short diagonak in each of the panels DCFE, EFGIT, 
etc., Figs, 47 and 48, serve directly to keep the jointe D, E, 
etc., in place ; for if the chord is made convex upward, or if it 
becomes so relatively by the depression of some point, there is 
a tendency, due to the compression in the chord, to cause the 
convex part to rise upward, as indicated in Fig. (46). The 
panel rods will prevent snch displacement. They may also 
serve for giving additional security; for if made sufficiently 
strong, they may transmit the strains to the other parts in case 
one of thfe long tie rods breaks. Thus, if FB is broken, the 
panel rods in the diagonals ^^ and FHyriSi. carry the load to 
the posts ^(7 and MO, The succession of king-posts may be 
called the pruhahx ssstbui, and the system of posts and tie 
rods, which, as will be shown hereafter, may form a complete 
truss by itself, may bo called the SBOOND&Rr sTSTBia. 

The long tie rods pass through slots at the ends of the chords, 
and are secured by a pin passing through an eye. A lower 
chord sometimes passes through the lower joint fw supporting 
the roadway. In other cases the roadway rests upon the upper 
chord. 
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40. — ANALYSIS OF BOLLMAN'S TRUSS-PAHSABY STSTBIS. 

— It will be observed in the prmta/ry system of this truss that 
the load at each joint is carried directly to the abutments at A 
and B^ and hence we may detenriine the strains upon the tie 
rods and posts for a load upon any one of the joints. Or, in 
other words, the load at a joint affects only one set of tie rods 
and one post. 

Let I = AD = DE = EH^ etc., = the length of one bay, Fig. 

D = DO = the depth of the truss, 

L = AB = the span, 

If = the number of bays in AB^ 

n = the number of a bay considered, counting from eithei 
end. Thus, if AD be called the first bay ; DE^ the second, etc., 
J7^may be called the /ir-th. This will also give the number of 
a tie counting from either end. Thus, if ^(7 is the first, AF 
the second, etc., AJ will be the /i-th. 

Q^ z= the strain on the first tie, or A O, 

Q^ = the strain on the second tie, or AF^ 

Qn = the strain on the n-th tie, 

JETj = the compression on the chord due to the firat truss, or 
ACB, 

JET, = the compression on the chord due to the second truss, 
or AFB, 

Hn = the compression on the chord due to the n-th truss. 

In regard to the long ties it is necessary to consider only 
those which incline one way, for those which incline the same 
amount in the opposite direction will evidently receive the 
same stress for the same load. 

For the strain upon the 7i-th tie for a load P upon any joint, 
as J?, we may generalize Equation (81) or (83), and have 

. ^. ^ (ir-.»liV^TZp (,„ / 

Hence the strain upon any particular tie is found by giving 
to n its particular value in Equation (91). Thus, for AC make 
fi = 1, for ^i^make ti = 2, and so on. Hence, 

The strain on Ist tie is Q, = (iT-- \)y/TT^'^^^ .(92) 
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The strain on 2d tie is C, = {N- 2) "^TTT^'Z^ ' '^^^^ 
The strain on 3d tie is, C. = (iT- 3) V9P ^I/^.{U) 

In a similar way, for the strain upon the chord dne the n-tli 
truss, we generalize Eq. (84), and have 

^» Z.D 

Eence the strain due to the Ist truss is jET, = (iT — 1) =-= P 

« « « « « 2d « « i?; = 2(iV-2)^P 

« « « « « 3d « « JT, = 3(iir-3)^P 

The total stress on the chord is 

jB; + JT, + jBT, + etc., to H]f_x = 

[ilT + 2 iV + 3 iV + etc., to jy - 1 terms - (1 + 2'"l f p 
+ 3* + 4' + etc., to (^" - !)•) Jz.2> 






.(95) 



In ordinary cases the bridge will be supported by two trusses, 
and hence the strains found above must be divided by two to 
get the strains on each truss. 

The chord is so nearly horizontal that when the load is on the 
upper chord the strain on each post is P / but if the chord 
angles upward at any joint, the post under that joint will sus- 
tain less than P, but if it angles downward it will sustain more 
than P, as shown in article 47. 

If the SECOND ART SYSTBIEI of tmss rods is to insare safety, the straiiifl 
on them may be compnted by the first of Equations (69). 

Example. The f oUowing data are taken for a bridge as mannf aotured by 
Charles Kellogg & Co. (formerly in Detroit, Mich.) 

L = 100 feet = the span, 

JV = 8 = the number of bays, 
r. I = 12^^ = the length of one bay, 
Wi = 60 tons (net) = the weight of the frame, 
W» = 100 tons = the assumed uniform load, 

P = 20 tons = the maximum load at eaoh poet, and 

Z> = 19 feet = the depth. 



BOLLMAN'S TRUSS. 



B5 



Required the dimensions of the parts when one-f onrth the statical stress is 
added for shocks. This addition is equivalent to caUing P, 25 tons. Also 
consider the tenacity, per square inch, T, of wrought iron, equal to the com- 
pression, C, per square inch of cast iron, and caJl T = C=: 11,000 lbs. 

There were two trusses, and two rods in each truss for supporting the load P, 
Hence by means of Eq. (91), and the above value of T, we have, counting 
from either end, 





vn __ __ 






Section of each tie. 




Tool. 






Square inches. 


Stress on the 1st tie 


26.180 






1.12 


« *t 2d " 


80.986 






1.41 


iC u 8d u 


34.569 






1.57 


a u 4tii« 


86.198 


(middle 


one) 


1.63 


** " 5th " 


82.230 






1.48 


" *♦ 6th*' 


25.450 






1.15 


U il 7|.hU 


14.783 






0.74 



The compression on the upper chord will be, according to Eq. (95), 86.35 
tons = 172,700 lbs. ' 

If the sections were solid and octagonal, their diameter, in order to resist 
flexure with a twenty-fold security, will be, according to Eq. (58) 



=V; 



172,700 X 150^ 



= 9^ inches. 



0.87527 X 16,000,00 x 3.1416" 

They were 10 inches in diameter, and hoUow. I do not know the thickness, 
but according to Francis' tables they should be about one inch thick for a five- 
fold security. 

The potts each were to sustain 10 tons, and were six inches in diameter. 

The pand rods were to sustain 10 tons, and hence, according to the first of 
Eqs. (70), the strain on each would be 14.10 tons for both trusses ; and 7.475 
tons for each. Hence the section of the panel tie should be 1.26 square 
inchea. 



CHAPTER III. 



TRUSSES IN WHICH THE UPPER AND LOWER CHORDS ARE 

HORIZONTAL. 
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SO. — The form of the xiiAPBzoiDAiiTRiJSS is shown in 




•*^ 




Fig. 49. 

Fig. 49. All parts are most strained when it is loaded through- 
out, or when both joints C and D are loaded to their maximum. 
If the load is uniformly distributed over the lower chord, the 
joints (7 and D will each sustain one-third of the total load, the 
remaining third being sustained directly by the supports A 
and B. That is, A will sustain one-sixth of the load directly, 
and -ff the same, and each will also sustain one-third of the load 
as it is transmitted through (7^ and J)jp] and thence to A and 
^, through the braces AJ^ and i^, thus making one-half 
the total load as it should. But only that part of the load 
which is supported at C and J) produces strains on the trussing. 
Of this load the supports A and JB each sustain an amount 
ejual to P. 

Letl = AO = CD = D£y 

V = the reaction at A, 

I 

T^ = the reaction at B^ and 
^ = the angle VAE. ' 
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{Jtrain on AFz= T sec 6=. t ^ P (96) 



Strain od.AO= Vtcmg 0= ~ P 



(97) 




Fig. 50. 



w'dch equals the strain on SF= that on CD = that on DB 

If tl'3 load is on the lower chord, the strain on the vertical ties 

wiJJ be P, but if it be upon the upper 

ch/^/vd, as in Fig. 50, the vertical pieces 

wi'.l simply support the lower chord, 

and hence may, in such cases, be very 

small. 

If only one joint is loaded, or when 
the load on one joint somewhat exceeds the load on the other 
joint, it may be said that the truss is unbalanced, and may 
become distorted, as shown in Fig. 51. 
For such a load the truss is not com- 
pletely braced. There should be braces 
or ties in the diagonals of the panel 
CDFJe, Fig 49. 




Fig. 51. 



51. — TRUSS FULLT BR A€SD. — The preceding example 
shows that a truss may be braced so as not to change its form 
mider a certain load, as in Fig. 49, but under other distributions 
of the load it may become distorted. In such cases it is only 
partially braced. 

A TRUSS IN WHICH THE PARTS ARE CONSIDERED PERFECTLY RIOID 
AND JOINTS PERFECTLY FLEXIBLE, IS FULLY BRACED (oR SIMPLY 
braced) WHEN THE PARTS ARE SO ARRANGED THAT IT WILL NOT 
CHANGE ITS FORM UNDER ANY ARRANGEMENT OF THE LOAD WHICH 
IT IS INTENDED TO CARRY. 

In practice the joints are not perfectly flexible and the parts 
are elastic ; and hence a change of form will take place for 
every change of load, but when the conditions are fulfilled ac- 
cording to the preceding hypothesis, the frame will not become 
distorted^ as in Fig. 51 ; and it is this distortion that we wislx to 
prevent by bracing (or tieing). A truss may be distorted or 
broken by an excessive load which shall endanger the strength 
of the material, but this case is excluded by the definition. lu 
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other words, a truss is braced when the trussing prevents any 
turning about the joints beyond that which results from the 
yielding of the material on account of its elasticity, 

53.— TRAPBzoiDAL TRUSS HEODiFiBD*— A beam IS Some- 
times supported, as shown in Fig. 52, in which case the tliruat 
of the braces is resisted at their lower ends by the walls. The 
same thing is shown in Fig. 53, and it may be distorted, as 
shown in Fig. 54, by a partial load. 

53. — THE STRAINS upou the Several ,parts of the modified 
truHS may be found by the same formulas as given in the pre- 
ceding case. 

Fig. 53. 





Fig. tSSL 





Fig. 55. 



Fig. 64. 

S4. ^TRAPEZOIDAL TRUSS INTERTBD.-If the trUSS be 

inverted, as shown in Fig. 55, the amount of the strains on the 

several parts will be the same as in 
the erect truss, Fig. 49, but the 
character of all the strains will be 
changed; that is, the inclined pieces 
will here be ties instead of braces, the 
supported chord and vertical pieces 

will be compressed instead of extended. If the end braces are 

unequally inclined, the mode of solution will be essentially the 

same as in the preceding case. 

SS« — EXAHEPLES.'!. In a trapezoidal tioss, suppose that the spon is 
forty feet ; length of posts eight feet, each bay one-third of the span ; the 
strain on each post, 2,000 lbs. ; required the strains on the braces and 
chorda. 

Ana. Q = 3,887 lbs. 
H = 3,333 Iba. 
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Note. — Compare these resnlts with the fourth example of article 35, observ- 
ing that the truss in this example carries double the load of that in the 
former. If the load is uniformly distributed, it really carries more than double, 
for in each case they carry half the load between the ends and first joints, and 
in the case of the trapezoidal truss, the end bays are shorter than those in the 
king-x>ost truss, thus throwing less load directly upon the abutments in the 
former than in the latter case; and hence requiring the posts or post to 
carry more. 

2. If the span is eighty feet, depth of truss sixteen feet, tmif oim load one 
43on per foot of length ; required the pull on the liorizontal tie, and the com- 
pression on the braces and straining beam, there being three equal bays. 
Also required the proper dimensions of the braces if they are square and made 
of dry deal (Note. P = i the total uniform load.) 

GomjNae the remits with the Ist example in article 8S. 
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TEIANO-ULAE TRUSS. 

UPPER AND LOWER CHORDS HORIZONTAL. 

ff6, — A TAiANGULAR TRUSS is OHO in which the space oc- 
cupied by the truss is divided into triangles by the pieces which 
compose the truss, and in which each piece may act both as a 
tie and brace. Such a form is shown in Figs. 60, 61, and 62. 
A triangular truss, in which the ties and braces are equally 
inclined, is generally known as the utar^en's girdkr, or 
UTARREN'S TRUSS, although English writers generally confine 
it to a triangular truss in which the ties and braces are inclined 
about 45 degrees to the vertical. The Warren Girder^ as con- 
stnicted in England, is usually made of iron. A triangular 
wooden truss was patented in this country by a Mr. Godard, 
and called Ooda/rdPs self-supporting truss,* In this truss the 
triangles were isosceles, and the sides inclined about 30 degrees 
to the vertical. The peculiarity consisted chiefly in the modes 
of fastening the ends of the pieces. Another triangular truss 
was invented in this country which is essentially a double lat- 
tice, as shown in Fig. 68, and which by way of distinction was 
called an Isometrical Truss. The Fink Triangular Truss is 
another form which is composed partly of wood and partly of 
iron.f Another truss, called Smith's Patent, % originally com- 
posed entirely of wood, has some peculiar features, but which it 
is not necessary for our purpose to describe. 

The analysis of all triangular trusses is essentially the same. 

S7. — TRIANGLES THB ONLT PROPER FIGURES FOR 

TRUss-nroRK. — The triangle is the only geometrical figure in 
which the angles cannot be changed without changing the 
lengths of the sides. Hence, to form a truss which will not 
distort when partially loaded, the truss-work should form tri- 

♦ See AppletorCB Mechanic's Magcmne^ May, 1852, p. 141. 
f Manufactured by the LouisyiUe Bridge and Iron Company. 
X Manufactured by R. W. Smith, of Toledo, Ohio. 
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angular figures. But it does not follow from this that every 
such truss is compUtdy braced. If the inclined pieces serve 
only as braces, as in Fig.- 75, it may become distorted for a par- 
tial load, as in Fig. 76. Similarly, if the inclined pieces serve 
only as ties, it will be otA^ partially braced (tied) for certain 
partial loads, and the distortion will be of the same kind as in 
Fig. 76. In all such cases it is necessary to have braces inclined 
both ways, as in Fig. 77, or ties both ways, as in Fig. 79. It 
will be seen from this that a truss is not triangular simply 
because it is composed of triangles, but it is essential that the 
inclined pieces be tib-bracbs. 

S8. — The following conditions wiiiL bb assumed in 

making an analysis of trusses. The parts will be considered as 
reduced to rigid right lines. The meeting of two or more lines 
at their common point of action will be called a joint. The 
joints will be considered — ^f or the present at least — as perfectly 
flexible. 

The strain will be considered uniform between adjacent 
joints ; also that the same piece cannot be subjected to tension 
and compression at the same time, but that the resultant strain 
is the algebraic sum of the two. Tension will be called +, and 
compression — . 

59. — NOTATION. — As far as practicable, the following 

notation will be common to all the cases : — 

P = the load applied at a single joint when there is but one 
weight ; 

jp = the weight at a single joint when several joints are loaded, 
and the several weights are equal to each other ; 

i^ijJPa) 6^c., = the weights when they are urifequal ; 

L = the length of the span of a truss, 

I = the length of a bay, 

D = the- uniform depth of a truss when the chords are pa- 
rallel, and the greatest depth if they are not pa- 
rallel ; 

= the inclination of a brace or tie to the vertical ; 

i = the inclination of a brace or tie to the horizontal ; 

w = the weight per foot of length of the dead load when it if 
uniform ; 
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w* = the weight per foot of length of the Ime load when it is 

uniform ; 
S = the weight of a unit of volume of the material con*, 

sidered ; 
JF| = the total weight of the truss ; 
W^ = the total weight of the surcharge ; 
TF = the tol al load on the structure = TTj + "R^ ; 
Fj = the reaction of the support at one end ; 
Fa = the reaction of the support at the other end ; 
C = the modulus of compression ; 
T = the modulus of tenacity ; 
Kn:= the section of the n-th bay of the lower chord ; 
Kn = the section of the 7^-th bay of the upper chord ; 
kn = the section of the rv-ih tie or brace ; 
G^ = the compression of the 7i-th bay of the compressed chord ; 
tn = the tension of the n-th bay of the tensioned chord ; and 
5' is used to denote the summation of similar quantities. 
. Other iaotation will be given as it is needed. 

60.— CASK I. — A SEMI-TEUSS HAS A SINGLE WEIGHT, P, AT 
ITS FEEE END ; IT IS BEQXJIRED TO FIND THE STRAINS UPON 
THE TIES, BRACES, AND CHORDS ; THE BRACES AND TIES BEING 
EQUALLY INCLINED. 

Fh*8t^ Consider a geometrical solution. Take a vertical line 
aJ, to represent P, and draw ho parallel to ak^ and prolong it 







Fig. |56. 

until it meets aemc\ then will he represent the strain on dk^ 
and OG the strain on ae. The weight P is therefore sustained 
at a by two forces represented by ac and cJ. It is evident 
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that ae pushes and ah pulls on P. The force ac is transmit- 
ted to e. Take ed = ae, and draw dg parallel to eHj and 
prolong it till it meets Sk in g. Then will eg represent the 
strain on ek, and dg that on en. In a similar way, resolve the 
stresses at k, and so proceed to AJB. It will be observed for the 

61. — ^STRAINS ON TKB TIES AND BRACKS s — 1. That the 

inclined pieces are alternately compressed and extended, as 
marked in the figure ; c indicating compression, and t tension. 

2. The amount of compression and tension is tlie same in all 
the braces and ties, and equal to ac =^ P see 0. Hence., the 
vertical component of the strains is uniform over the whole 
length, and equal to P. This is evidently true whatever be the 
length of the truss. This is the same as the transverse shearing 
stress in a beam fixed at one end and free at the other, and has 
a load jP at the free end, i. e., Ss = P. (See article 3.) 

63. — STRAINS ON THE €KORi>s. — The puU eh on ah is 

transmitted to A through the successive parts ko^ or^ and rA. 
The puU of hi at h^ and the push of hj on the same point,'^» 
each of which are the same in amount as oh^ and which together 
equal ji^ is also transmitted to A^ so that the strain of tension on 
ho is equal to Jc + ji. In a similar way we find that the 
strain at A is equal to he -\- Kk ■\- mo -f «/•. = Jc -f 3 hh 
= 1 he. In a similar way we find that the compression on 
the lower chord at jB = 3 ^ We observe : — 

1st, That the upper chord is subjected to tension throughout 
its whole length ; 

2d, The lower chord is subjected to compression throughout 
its whole length ; 

3d, The tension of the .upper chord increases from the free 
end to the fixed end, and that the increments of increase are 
equal at the successive joints ; and 

4th, The compression of the lower chord increases by succes- 
sive equal increments at each of the successive joints, and is a 
maximum at the fixed end. The increments are the horizontal 
components of the strains on the ties and braces. 

The third and fourth observations are analogous to the 
moment-s of stress when a beam is fixed at one end and free afr 
the other, and has a weight P applied at the free end. 
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Secondly, consider an analytical solution. The strains upon 
the ties and braces are sufficiently analyzed. To find the strain 
upon the n-th bay, as ro^ of the upjilr chord, we may at first 
suppose that this bay is severed, and that a horizontal force t^ 
equal to the pull on this bay is substituted for ' the stress. 
When ro is severed, the truss tends to turn about q. Take q 
as the origin of moments, and erect qy perpendicular to ro. 
The lever arm of P is ay ; and the lever arm of t^ is qy, 
Ilence, we have 



_ m 



D 



P. 



t^.qy- P.ayr.tn-^P = 

But -tt= "-t-= -p- • ' • ^« = 5 (?J. This equals om + hh 

4 cJ = 5o5 = 5P ta/ng 0. , 



63. — CASK II, — ^A SEMI-TRFSS HAS EQUAL WEIGHTS AT EVERY 
JOINT OF THE LOWER CHORD. 

Let the truss be like the preceding one inverted, as in Fig- 




Fio. 57. 

57. Let the joint at which the weights are applied be num- 
bered in regular order, beginning with 1 at the free end. For 
convenience let the weight at 1 be called j^^; that at 2,j9a, 
and so on. 

64.— STRAINS ON THB TIES AND BRACES. — It is Cvidcut 

from the analysis of the preceding case that if J9, were the 
only weight on the truss, the vertical component of the strains 
would be uniform over the whole length and equal p^\ and 
that the strain on each tie and brace due to this load would be 
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p^ sec 0. Similarly, j?, would produce a strain of j?, sec 0^ 
on all the ties and braces between 2 and JS, Similarly, j?, 
would produce the same strain on aU between 3 and JB ; and so 
on for any number of weights. Hence, the strain on the first 
pair of braces {braces being used in a general sense to include 
inclined pieces) will be p sec 

Stress on the 2d pair = 2p mo 

Stress on the 3d pair = 3p&ec 

Stress on the n-th pair = np see (98) 

We here observe that the strain on the pair of braces 
between the loaded joints is equal. Also, the first one is 
subjected to tension, and the next to compression, and so on 
alternately to the fixed end, as shown in the^ figure. The wall 
supports all the weights ; hence the vertical f orc^ on the wall 
equals SP> 

0j(. — THE STRAINS ON THE CHORDS may be found by add- 
ing the components of the strains on the ties and braces as 
stated in the preceding case. We will thus have for the strain 
on bay 3—4: — 

Cn = ^1 sin + o^e>m0 + t, sin 4 o^ sin + t^ sin 

=:p tang -\- j> tang + 2j? ta/ng + 2pta/ng + Sp 

jsang 

= 9p tang 0, 

But the more common mode, and one which is generally the 

easiest, is to find the strain from an equation of moments, thus : — 

from the joint x directly over 4—3, let fall a perpendicular 

xz to 4—3. Let the stress on 4—3 be &. Taking x as the 

origin of momenta^ and the moment of c' will be c'x2 = c' D. 

The moment of j?, = j?^ x zA = 2i Vp^ 

The moment of ^^ = j?, x z2 z=z 1^^^ 

The moment of j?, = jf?, x « 3 = ilp^ 

Hence, we have, when^, = ^«=i>„ etc. =p 
dD^^lp 

91 
.*. c' = -n'fjP = 9i> tang d, as before. .(99) 

Generally, ii n = the number of the bay, we have 

c^ = n^ p tang 0, 
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xhis will give the push on the lower chord at the wall. The 
tension on the n-th bay of the upper chord is : — 

tn^ in{n + l)jp -jy z=z n{n + l)j> tang 0. .(100) 

If the first bay of the lower chord next to the wall is a full 
one, as in Fig. 58, the mode of solution is exactly the same, and 
the strains upon all the parts will be the same as in the preced- 
ing case for the same load, except for the piece G^y which is 
additional in this figure, and will be subjected to a greater 
strain than any other part of the chords, but the strain is cor- 
rectly given for this bay by Equation (100). 
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Fig. 58. 



66* — OPEN SWING BRIDGE. — ^Whcu a swiug bridge (a kind 
of draw-bridge) is open, like Fig. 59, it is in the condition of a 




girder supported at the middle and uniformly loaded. There 
may be no live load upon itj and the several weights which are 
due to the weight of the bridge may, without sensible error, be 
considered equal on the lower chord, in which case the analy 
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Bis of strains is the same as in Case IL If the load is considered 
upon the upper chord, the analysis iB essentially the same. 

07, — CASK III. — Suppose that a tbianguxas truss ts sup- 
ported AT ITS EZmS AND LOADED AT ANY POINT OP THE UPPER OHORD. 



-^ 




h t 



e uy r df 
Fig. 60. 
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Let the truss be represented by Fig. 60, in i^hich the tri- 
angles are isosceles. For the uresent, neglect the weight of the 
truss. 

68* — GEOMKTRiCAii soi<UTiON.— Let the weight p be ap- 
plied at the third joint in the upper chord. Let V^ be amount 
which the support a sustains, and F, that sustained at g. 

Let fall the perpendicular 3 y\ According to the principle 
of the lever, we have 
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F, = — © and F = — ». 

Let gN represent F,^ and construct the parallelogram gh'hiy 
and hh!' = gi will be the strain on the chord gay and gh = the 
strain on the brace gQ. gi is transmitted to' a through the 
chord ag ; and j^A to 6 through the brace gQ. Take jQ = gh 
and construct the parallelogram 6;^, having 6; for one side and 
jh parallel to the upper chord for the adjacent side. Then^'A 
= Z6 will be the strain on the first bay of the upper chord, and 
M = jQ :^ the strain on the tie fQ. k& wiU be transferred toy^ 
and fm = ^6, resolved as before. The part fo is trans- 
mitted through the chord until it is resisted by an equal strain 
at tbe opposite end. Proceed in this way with each of the 
resultants until we arrive at 3. 

Then begin at the opposite end and take ax = F, resolve it 
and proceed as before until we arrive at the same point 
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We thus find that the strains on the bays of the lower chord 
are : — on g/J = to ^ ; on fe^ z= gi + foi on ed, = gi + fo 
-{• eq ; oiidey= gi -\- Jv i- eq i- dr; and so we might proceed 
to a, observing to subtract cuy etc., after passing y. But it is 
better to begin at <z and thus find for the strains:— on aJ, = 
as; on bcj = as + ht; on cdy =^ as + bt + ou^ which also 
equals rd -\- qe + of -^ ig, 

60« — OBSERTATIONS ON THE PRBCBDING RESUIiTS. — 

We observe from this solution that 

1st, The strains on all the ties and braces between 3 and g 
are equal to each other, and that the same is true of those 
between 3 and a ; but the strains on the latter exceed these on 
the former if aj 3 is less than 3 g. 

2d, The strains on the chords are greatest at and under 3, 
where the load is applied, and are least at the ends. 

We might proceed in this way with weights applied at other 
points, but a numerical solution shows the results more clearly. 

cjASK III, — Suppose that a triangular truss is loaded at 

EVERY APEX IN TKE UPPER CHORD. 

Let the truss have equal bays, the triangles isosceles, and let 
the weights be applied at the joints 1, 2, 3, etc., in the upper 
chord, as shown in Fig. 61. 



70. — ^DISTRIBUTION OF STRAINS ON TKB TIES. — In the 

following solution of this case, I consider the eflFect of each 
weight by itself, and enter in the figm-e by the side of the piece 
a number which indicates the amount of the strain, and enter 
it in such a way as to indicate the character of the strain, 
whether it i&jphis or mintos. This process I call the distribu- 
tion of strains. There may be two subdivisions of this case : 
First, when the number of bays is even ; and second, when it is 
odd. First, consider the case in which the number of bays in 
the supported chord is even, as in Fig. 61, where jV^ = 6. There 
will be as many joints in the upper chord as there are bays in the 
lower. In o:rder to distinguish the several weights from each 
other, let^, be the load at 1 ; ^a the load at 2 ; j9, the load at 
3, and so on. Also, let v^ be the amount of ^„ which is sus- 
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Fio. 61. 

tailed at a; v„ the amount of p, which is sustained at the 
same point, and so on, so that F, = «, + w, + v, + etc. 
Similarly, let F, = «' + v" + v'" + etc. 

Let fall the perpendicular 1 y ; then, according to the prin- 
ciple of the lever, we have 

«. = -^JPi = HP^> and 

.'• v^ + v' = j?i, as it should. 

Let = the inclination of the brace to the vertical ; then v' 
resolved in the direction of the brace g 6 gives for the strain on 
g 6 due to j?, ; -jV-Pi *^^ ^5 which is compressive. This is re- 
sisted by the strains in 5—6 and 6f. The part in y^ 6 is tensile 
and equal to iV-Pi *^^ ^ ^ before, and is transmitted to/*; and 
the same amount by compression to 5 ; and so on to 1. We 
observe that all the braces which are inclined towards 1 from 
the abutment are compressed, and those which incline the 
opposite way are tensioned.* 

V, resolved in the direction of the brace gives ^Pi sec 0. 

* l^liis is coined^ but it comes in here so natnral after eampressedy and is so 
expressive of the idea which is presented, that we have used it. 
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The only difference in the value of these expressions is in the 
numerators, the quantity -jV jPi «^ ^ being common. Let the 
numerators represent the relative amount of the strains. 
These numerators are entered in Fig. 61, opposite j?i, jp„ etc.^ 
which are placed at the right and left of the braces in the 
figure. For compressive strains the numbers are placed on the 
right-hand side of the tie-brace, and for tensile strains the 
numbers are placed on the left-hand side. Thus, beginning at 
the right hand, and opposite j?„ the number 1 is placed on the 
right side of ^ 6 ; on the next one it is on the left side ; and so on. 

Kext consider jp^. "We have 'Z^a = -jV i^« ^^^ ^> *^^ ^' = A 
p^ sec 6. The numbers 9 and 3 are entered as above explained, 
opposite J?,. Proceed in a similar way withjp,,^^, and so on to 
the last. 

The figures which are thus entered may be called coeffiGienta 
of strains. 



71. — RKSUiiTS.— An examination of the coeffixsiervts of stromts 
in Fig. 61. readily gives the following results : — 

a. Whether the weights are equal or unequal the end braces 
are strained most when all the apexes are loaded. 

J. The strains on. all the other tieArraoes a/re not a rria/xmburn 
when all the apexes are loaded. For instance, if we consider 
the brace-tie c 3, we observe that jp^ and j?, produce tension 
while all the others produce compression, and when all arc 
loaded it is evident that the resultant strain will be the dif 
f erence of the two strains. If all the weights are equal, the 
sum of the coeffidervts of compressive strains will be 16, as 
given in the figure, and the sum of the tensile strains will be 
4, which is also given in the figure. The resultant strain will be 
— 16 -f 4 = — 12, which is placed on the right-hand side of 
c3. 

c. Whether the weights are equal or unequal, the strains ot. 
the tie-braces between the loaded joints are equal, but in an 
opposite sense, t.^., if one is compressed the other is tensioned. 

d. To produce a maamrhv/m strain on any pair ^ for a/n uni- 
form loady all the apexes between that pair and the remote ena 
must he loaded^ and all the others unloaded. Thus the tie- 
brace c 3 will be compi-essed an amount represented by 16 if 
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the apexes 3, 4, 6, and 6 are loaded, and 1 and 2 unloaded ; but 
if either 1 or 2, or both, are loaded, the compressive strain will 
be diminished by just the amount of tension which they would 
produce. 

e. A mawvm/umy m the opposite sense to the former^ may he 
obtOMied hy loadmg from, the pavr considered to the nea/r end 
and unloading aU the rest. Thus, if c? 3 has a maximum com- 
pression for the loads 3, 4, 5, and 6, it has a maximum tension 
for the loads 1 and 2. Similarly, c 2 has a maximum tension 
for the loads on 3, 4, 5, and 6, but a maximum compression for 
the loads on 1 and 2. For convenience in the further discussion 
of similar cases, call the greater maximum, or that given by 
principle d — the primarit MAXiMViti, and that given by 
priuciple e the second art maximum. 

f. Sujopose tJiat all the apeoaes a/re loaded with equal weights. 
Add all the coefficients of straim, for compression, as shown in 
the figure, and do the same for tension. Take the difference of 
these and enter them as shown in the figure. We thus find for 
the resultant strain, for the central pair, 12 for the "first pair, 
each side of the centre, 24 for the next, and so on to the end, 
from which we observe, in this case, that : — 

1st, There is no strain on the central pair of braces ; 

2d, The strains upon the tie-braces are proportional to the dis- 
tances of their lower end from the centre of the lower chord. 

Hence, the actual strains on the tie-braces are : — 

On the central pair, = 

On the first pair from the centre, zi^Vii x r}^ j> sec d =: p sec d 
On the second pair from the centre, = 24 x r^psecd = 2psec0 
On the third pair from the centre, =36 x r^psec0 = Zjp sec 9 
On the X pair from the centre, = xjp sec (101). 

With the exception of sec 0y these results are the same as for 
the shearing stress on a horizontal beam which is loaded with 
equal weights at equi-distant points, and symmetrically placed 
in reference to the centre of the beam. See Eq. (17.) 

g. When the weights are unequal, any joint may be loaded so 
heavily as to determine the nature of the straAn on all the tie- 
braces, in which case all those which incline towards the load 
will be compressed, and those which incline in the opposite 
direction will be extended. 
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If all the weights are equal, and the central pair,^, and ^^ be 
removed, there will be no strain on all the tie-braces between 2 
and 5. Similarly, if jp, and j?, also be removed, there will be 
no strain on all between 1 and 6. 

73. — FORMUIiAS FOR STRAINS ON THB TIB-BRACBS FOR 
A UNIFORM liOAD. 

Let i\r = the total number of bays in the supported chord, also 

equal to the number of joints in the unsupported 

chord ; 
» = the number of bays from one end to the foot of the 

pair which is considered ; 
X = the number of bays from the centre to the same pair, 

and 

i> =JPi =JPa =i>. =jp«etc. 
We have 

n + X = i J!f] when n < i JV^ and 
w — oj = ^ iV^ when n > ^ Jf 

which in Eq. (101) gives 

xjp 8600= ± (i JfT-- n)p8ec0 =^ (N^ — 2J^n) ^.^sec 6 

for the strain on the tie-braces which termmate at the end of 
the n-\h hay. In the last form the quantity in the parenthesis is 
the coefficient of strains. 

This equation may also be deduced from the principle of 
shearing stress. For we have Fj = -J^ Nj>^ and between the end 
and n-th bay the load is np ; hence, according to Eq. (17), we 
have 8^ =: ^ Njp — np = {^ If — n)p = ^ (iT— 2/1)^, 
and this resolved in the direction of the brace gives 

i (iT- ^n)p8ec ^ = (i Xp — njp) 8eo 0. . . .(102) 

In this case we observe that the negative values, which result 
ior n> i iT, apply beyond the centre. * 

* I have Bonght for a formula which will give the strains on the ties and 
braces by the simple substitution of the suooessiYe numbers 1, 2, 3, etc., the 
results of which would give the strains on the suocessiye ties and braces 
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For the end braces, a 1 or j' 6, make ti = op = il^ and 
Eq. (102) gives 

+ i Np 8eo0 = i W^secO (103) 

in which W^ is the total weight of the load. ^ 

This solution suggests another mode of considering the prob- 
lem. Thus, in Fig. 61, the stress on the end braces is i 5* j? «ec 
6, To find it on the next pair, conceive that the truss is sup- 






cotmthig from one end, as in Fig. 61-a. This I haye done by triaL We most be 
gmided by Equation (102), and must make such an equation as that the results 
shaU be the same when we substitute 2, as when we substitute 3 ; similarly, 
they must be the same for 4 and 5, and so on. This I do by making suoh an 
expression as that one term shaU disappear when the other is real The signs 
of the results must also be minus for the odd numbers from the end to the 
centre, 9x\idipkL8 beyond the centre ;— and pbus for the even numbers between 
the end and centre. These results may doubtless be secured in various ways, 
but I have hit upon the following : — , 

First, let n^ = an odd number of tie-braces = 1, 8, 5, etc., then n' = 

2 n + 1 ; and Eq. 102 becomes i N^n^ + 1 p «m 9. This term must be 

80 affected as to be minus for the first part of the truss, and at the same time 
reduce to zero when an even number is substituted for n'. 




Fig. Ql-a, 



We observe that eos 2 n'lr is always + 1 for integral values of n' ; and evi- 
iently eos 2 n^v—cos 2 n'n = 0. The odd powers of (—1) are — 1 , and the even 
powers are + 1. . •. (—1)'*' aw 2 n'^ is —1 for all odd values of n\ Hence 

i fc— IK aw 2 n^n—eos 2 7i'» 1 

Is —1 for the odd values of n, and zero for the even values. Thus, 

If n' = 1, we have \ ["(-1) x 1 - ll = - 1. 

If n' = 2, wehave i ["(+1) x 1 - ll = 0. 

If n' = 8, wehave i ["(-1) x 1 - ll = - 1, 
and BO on. Henoe, for the odd numbers of the tie-braces, we have 
i r^T-n' +1J psecB [i-iy^ «w 2 n'/r — eos2 n'^j 
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ported at 1 and 6, the pointa where the first weights are applied 
counting from each end. Then the stress on 1 & and b 2 wiU 
be the half sum of the remaining weights multiplied hj seed; 
which is the same as (iSjp — 1 jp) see 0. To find it on the next; 
pair, conceive that the truss is supported at 2 and 5, and we 
have the stress on 2 c and c 3 equal to one-half the sum of the 
remaining weights multiplied by sec or (i^ — 2p) sec 0. 
Hence, generally we have (^Jp — • rup) sec as before. / 

If n' = an even nnmber of the tie-braces, we have ti' = 2 n, and Eq. (102) 
becomes i {N—n')^ which expression must be positive for even values of n\ 
and disappear for odd values ; and as it is to be real when n^ disappears, we 
will use n' instead of n". Reasoning In exactly the same way as before, and 
we have for this term 

i r^T—n' J pseeB [(—1) «'aw 2 n'lr + aw 2 n'lr 1 
Henoe, we ha/oefor the strain upon the n'-th tie-brace, 

N-n' + l1 X fc-lK <w 2 »'» - <JM 2 nvl + \ir^n' 1 x 

U— !)«' «w 2 n'x + ca«2n'ir I \ipgec9 (108a) 

BxAMFLB.— Let JT = 6 as in Fig. 61. 
Then for the first biaoe n' ss 1 and we haye i 6 x (—2) + 6x0 \XP9ec9 = ^Zp§ecB 

Then for the neoond tie-brace n'= 9 and we have I 6 x (0) + 4 x (+ 2) 1^ p«ectf =+ 2p «0C0 
Then for the third tie-taraoe n'= 8 and we hare I 4 x (-2) + 8 x (0) l^pMctf o 2j9M(f9 
Then for thefotirth tie^braoe n s 4faid we haye i 8 x (0) + 2 x (+ 8) \}iP HcO = -{-p mc 9 
Then for the fifth tie-braoe n'= 6 and we have I 2 x (— 2) + l x (0) \}iP9ec0 = -^pMoB 
Then for the sixth tie-brace n'= 6 and we haye I 1 x (0) + x (-f- 2) l^pMc^s 
Then for the seventh tte-braoe n's 7 and we havel x (— 2) — 1 x (0) Wp 8ec0 = O 
Then for flier eighth tie-braoe n^= Sand we have I — 1 x (0) — 2 x (+2 l^^pMctf = "pteeB 

Then for the ninth tie-brace n' s and ve haye I —2 x (--2) —2 x (0) I ^p mc 9 s x paec$ 

and so on. It will be observed that the signs change after passing the middle, 
as they should. The signs take care of themselves, and the result tells whether 
» piece is a brace or tie. 
The trigonometrical term may properly be called a Modvhis of Sigm, 
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I 

73* — iLif OTSER SOIiUTlON. The Btrain on the end braces is [1 + 8 
4* 5 + 7 -f eta, to Jirterma]^-^ = ^ JVp M0 as before. The strain npoB 

the pair at the end of the n-th baj isl (1+8 + 6+7. ...to (iT— n) terms) 

— (l + 8 + 6 + ....tOfi terms) ^Vjf" 

= [<^-»>-'-S^— '-S-']=[^-»«*]'-S-'<^-""] 

as before. 

74.— HrAxnHun strains on thb tib-bbaobs.— The con^ 
ditions for a maximiun strain on the tie-braces have been given 
in d, Article 71. From the figure we see that the prvma/ry 
maximum strain on a pair at the end of the /i-th bay is 

Fl + 3 + 5 + . ... to (iT-n) terms! -^^ = (j^_„).:^^ 

This may also be found by the principle of shearing stress ; 
for the load is {N'-'ri)p to produce a maximum strain, and 
from the principle of the lever, we have 

and as there is no load between V^ and the pair considered, 
this equals the shearing stress. This multiplied by sec 6^ gives 
the actual strain ; or maxi/mv/m, strain, on the hraoea at the end 
of the 7i-th hay is 

i^-ny^ (104) -V 

If the moinentB be taken about the other end, we hare 

r,m = {ir-n)p x [iir-i (i^-n)] i 

:. F. = (JT- n) (ir+n) ^ 

We also have V, + Vt = 0'-n)ji>.'.V, = (J!r-n)jp- V 
But S,= F, — (JiT— n)p= — F, aa before, only •with a con- 
trary sign. 
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Seconda/ry maamiv/m,. An examination of the case ehowB 
that we may still consider {N — n) joints loaded, but n must 
exceed i-37I Hence Eq. (104) gives the strain for the aeconda/ry 
maaovmum when n > iiT.* x 

7S. — firrBAiNs on thb chords. — Distribution of the 
Btraina. 

First consider jp^. -jVi^i ^ supported at g and {^ J?, at a, as 
before stated. The former is to be resolved in the direction of 
the brace g6 and of the chord gf. That in the direction of gQ 
has already been considered. That in the direction of the 
chord is evidently •^J>^ tang 0. Taking 1 to represent the 
strain as before, and it is placed on the lower side of gj, to re- 
present tension. This strain is transmitted through the suc- 
cessive bays until it is met by a counter-strain from the opposite 
end. At f the tie f6 produces a pull of iV-Pi ^^^^ ^j ^^^ ^® 
bracers a push of the same amount, so that both produce an 
increment of -jVi^i ^^^^ ^; which added to the ^V-Pi ^^^ ^ 
previously found gives -A- J?j tang for the total strain ony^. 
Similarly, we find A jPi ta/ng for the strain on ed^ and so on 
to hay where it is ^ ^, tang 0, Proceeding in this way with 
each of the weights, observing to pass from each end to the bay 
directly under the weight, and we readily find all the numbers 
which are placed below the lower chord. In the same way we 
find those which are placed over the upper chord. 

We observe from the figure 

1st, That the strains are all in the same sense, ^. e.j all the 
weights produce tension on the lower chord, and compression 
on the upper ; and hence, 

2d, The chords receive theii* maximum strain when all the 
joints are loaded ; and 

8d, If all the weights are equal the greatest strain will be at 

the middle of the chords and least at the ends. This is similar 

^■■^^~"^~~"^~~"~~"^^^^^^^^^"~~^"^~""^"^"^^~"~"^"^~~^"^~~^^^^*~~~^"'^~~"""^"~"""^^~^^~~^^^^^^"^~~~""^^^~~^'^^"^"""^^^— 

* Prooeeding as in the preoedmg foot-note, and we may find f oz the TnaTinmni 
•train on the n'-th tie-brace the following expression : — 

= [a JT— n' — iTx fc— l)-'aw2»'»r— aw2»'»r1 
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to a beam which is supported at its ends and nnif ormly loaded 
over its whole length. 

This mode of determining the strains on the chords is not 
considered practical. 

The method hy moments is the nsual one. 
• From 1 let fell the perpendicular yl 

Leiyl = i? = ^e depth of the truss ; 
t^ = the tension on ah^ the first bay ; 
t^ = the tension on hCy the second bay ; 
t^ = the tension on the n-th bay ; and 
Z = aJ = the length of a bay. 

Take the origin of moments at 1, the point about which the 
truss will turn if db be severed. When the internal forces are 
substituted for the strains, and we consider the conditions of 
equilibrium in reference to them, we must consider the external 
forces only on one §ide of the section ; for the internal forces 
transmit the strains from one side of the section to the other. 
Hence, for equilibrium, we have 

V, ay = t,, y\ 

for the tension on the first bay. 

For the second bay take the origin of moments at 2, the 
point about which the frame would turn in case ho were severed. 
Hence we have 

y^%\i—p, y.i=t,xD ; 

for the tension on the second bay. Similarly, 

«. = (6 F. - 4i>. - 2i>.) 2^ 

t. = (7 F. - 6i>. — 4i>. - 2 j>.) ^ 

4 = ((3 n-1) F.-(2«-2)i>.-(2 n-^)p, ... A)^^. (105) 
If j> =j), = j>, = j>, = etc. = j>, the expression becomes 
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much simplified, but instead of reducing the preceding equation 
for this case, we may solve it directly from the figure, thus 

Moment of F^ = F^ (ti — i) ? = i Np (2 71, — 1) Z, which 
is the moment of an upward force. There will be n downward 
loads including the one over the n-th joint ;* hence the dowif- 
ward load will be np. The abscissa of the centre of gravity of 
this load from the origin of moments, is ^ {n — 1) ^ ; and 
hence tlie moment of this load \Si\n{n — 1) J? ^. The moment 
of the tension is t^, JD. Hence we have for 

The tension on the n-ik hay of the lower chord 

^« = ["iT (2 71 - 1) - 2 71 (71 - 1) 1 -^ (106) 

BzAMFLii.— Let JT = 6 ; -^ = tang B. Then Equation (lOG) gives 

For w = 1, ^1 = \ip tang d , 

n = 2y t^ = Up ^"^ff ^ 
n =zSj t» = W P txi^ng ^ 
» = 4, ^4 = W P t^^ff ^ 

w = 5, <» = fl p tang $ i^- 

n = 6, ^« = ff jp tang $ 
It will be obflerred that the nomeratois, 36, 84, 108, <&o., are the sums of 
the strains as given in Fig. 61. 

In Eq. (106), if « = iJV,t„ = i^^^= i ^,. -..(107) 

m which 

TT, = the weight of the total surcharge, 
Z = the span, and 
D = the depth. 

Strains on the upper chord. 

Let Gn = the compression on the Tirth bay of the upper chord, 
and the other notation as before. 

Let all the weights be equal to each other. If any baj of 
the upper chord be severed, the system will turn about some 
joint of the lower chord. Take the origin of moments at 

* The momeat of the load at the joint abont which it tends to turn is zero ; 
hence it will make no difference whether we indnde this or not. For the 
lever arm wiU be different, and the result will be the same in both cases. If it 
is not included, the load wiU be (n — 1) p. 
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any joiiit (the n-tii) of the lower chord. The moment of V^ will 
be V^nl = i J!^ml. There will be a load equal to np acting 
down, whose lever arm (or distance from the origin of moments 
to the centre of the loading) will be inZ ; hence the moment 
of the downward forces will be in'pl. Hence 

The strain on the ?2r-th hay of the v/pper ehord*wiU he 

On =( iiVpnZ - i^i>Z)-^= (iT- ^)-^=^-- • • 

that is, the strains vary as the product of segments into which 
the chord is divided by the joint considered. 

If 71 = i i\r we have 



. (108) 



Cn^lN' 



^ ^ 



D 



*^. 



D 
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Example. —Let JT = 6, and : \^ = tang d. Then Eq. (108) gives, 



For n = 1, Ci = ^i p tang 6 
« = 2, Ca = ^fptange 

» = 3, Ca = -W P tang 9j etc. 
The numerators of which are the same as the sum of the strain, in the severa] 
bays of the upper chord in Fig. (61). 



76. — SUB-CASBy IN ITHICH THE NITMBER OF BAYS IN 

TBM IaOixtexl chord IS OBB. — In the preceding case the 
number of bays in the supported chord was even. Now suppose 
that they^are odd, ^ in Fig. 62, where i\r = 5. 



/ 



/V=5 




Fig. 63. 



Distributing the strains in exactly the same way as before, 
and we have the numbers as given in the figure. A compari- 
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Bon of Fig. 62 with Fig. 61 shows that all the principles 
which were drawn from Fig. 61 are applicable to this, 
except that of the strains on the central braces. There it was 
zero, — here it is ^^ sec d = ijp sec 0. 

The cause of this difference is due to the fact that in this 
case there i^ a load p at the middle joint, which was not at that 
point, in the former case. The strain on the central pair here is 
the same as if no load was upon the truss except the one at the 
third joint. 

The formulas for the strains upon the chords and tie-'iraces 
are the same as in the preceding case. Hence Eqs. (102) (104) 
(106) and (108) are directly applicable. 

77. — INVBKTBD TBvss. — ^If the truss is supported by the 
upper chord, as in Fig. 63, the nature of the strains will all be 
inverted; that is, the supported chord will be cow/pressed 
instead of te^isioned^ and the end tie-braces become ties instead 
of hraces. But the amount of the strains on all the pieces will 
be the same as in the preceding case.* 




78. — ITEIOHT OF THE TRUSS €ONSIl»EREl». — ThuS far 

no account of the weight of the truss has been considered. Tliis 
Is a permanent dead load. Its amount cannot be accurately 
determined until the dimensions have been determined, and 
these cannot be ascertained until the total load is known. Hence, 
algebraically speaking, the weight of the truss is an implicit 
function of its dimensions, and in most cases it is impracticable 
if not impossible to make it explicit. The practical way is to 
assume the weight of the truss and find its dimensions on this 
hypothesis ; then compute the weight from these dimensions 

* To make Eq. (103 a) strictly appUcable to this oaae wiU require a mmoi 
sign before the whole expression. 
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and compare the result with the assumed weight. If the 
bridge is properiy proportioned, we see from the preceding 
analysis that the chords will be largest at the middle and 
smallest at the ends ; and the braces will be largest at the ends 
and smallest at the middle. We may, therefore, without sen- 
sible error assume that the weight of the bridge is a permanent 
uniform load. If we further assume that the weight of the 
bridge is carried at the upper apexes, we have 

W 
* = i^j = i^, = i«7, = etc (109) 



N 



in which 



TT, = the weight of the truss ; 
IT = the number of bays in the lower chord ; and 
w^ = the weight on each joint due to the weight of 
the truss. 

This value of w^ substituted in Eq. (102) gives 
jpbr the strain on the tiehroGea at tJhe end of the n-\h hay due 
to the weight of the truss^ 

= i{J!f-2n)w,8eo0 (110) 

The differences 36, 24, 12, etc., placed opposite the tie-braces 

in Fig. 61 may be considered as coefficients of ^-^ sec 0. 

Adding Equations (104) and (110), and we have 
2h,e atr-ams on the tie-braces at the end of the ^th ha/y when 
the weight of the truss is considered^ a/nd a vmform load 
extends from the n-\h hay to the opposite end^ hoth loads on 
the V 0>er chord ; 

= ["(-ZT- 72,)> + (iT- 2 71) ivr^ li|^.(lll) 

* Introducing the moduli of signs and we have the strain on the /I'-th tie- 
brace 



= \ [(2 jy- w' - 1)'^ + 4(J^- »' + 1) iV^WiJx [^( - IX «?« 2 7i' 71 



M0. 
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79. — JDISCUSSION OF Bai^ATION (111). — Ist, If n = ^ JH^^ 

the term containing w^ disappears ; that is, when the nmnber of 
Lays in the supported chord is even, the truss as an Uniform 
load produces no strain on the central tie^aces ; and the 
Equation becomes 

i iT^ see 0=z:^W, 860 (112 a) 

for the maximum strain on the central tie-braces. 

2d, 1£ n = Oy we have 

i {Sjp + iT^O seed ^^ W 860 0.. (113 b) 

which gives the strain on the end braces. It always exceeds 
four times the maximum strain on the central pair. 

3d, If iT = 1, we have the case of a pair of rafters, and at the 
same time making h = 0, and we have for the strain on each 
rafter i {p + w^ 8eo 0y which is the same as the second of Eqs. 
(68). 

4th, If n < -J- iV^ the coefficients oij> and w^ are both positive, 
and hence the weight of the bridge and live load oonspire to 
produce strains when the live load extends over more than half 
the length of the truss. 

5th, Ji n > i iV^, the coefficient of w^ becomes negative, and 
the other term remains positive, and hence the dead and live 
Joads act in opposite senses, and hence the total strain is the 
difference of the two. 

6th, If Eq. (Ill) be placed equal zero, and solved for n, we 
have 

» = [i±3-±Vf-±^)'-^-^J ir.-im 

It may easily be shown that there will always be one value of 
n in Eq. (112), which is less than IT and greater than -J iV^ 
Call this value n^ (for it reduces Eq. (Ill) to zero). The other 
value of n exceeds If, and hence is beyond the limits of the 
problem. At n^ the vertical shearing stress is zero. 

In order to get a better idea of the results of this discussion, 
conceive in Fig. 61 that all the apexes of the upper chord are 
loaded with equal weights, then the end brace will receive its 
maximum strain, which is found by making ti. = in Eq. (111). 
Now remove ^1 and the tie h 1 and brace h 2 will receive their 
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maxuamn strain, and may be found by making ti. = 1 in Eq. 
(111). Eemovejp, and the tie-braces e 2 and o 8 receive their 
maximum strain, and so on, to the middle. 

As soon as we pass the middle, the resulting strains will be in 
the contrary sense to that which is produced by the permanent 
load, and there will be a Beoonda/ry maximum, the prvmary 
maximum being secured by the load passing off in the opposite 
direction. • Continuing to remove the weights beyond the centre, 
we soon pass the point n^^ and after that the only effect of the 
remammg weights as they a/re removed one after the other wiU 
he to relieve the strains which a/re jyrodmced hy the weight of 
the hridge. Equation (111) for n > n^ becomes negative. By 
moving in the opposite direction, the distance no will be counted 
from g. It will be observed that n represents the unloaded 
part. The tie-hraces each way from the middle to the joint n^ 
are true tiehraces^ for they will be subjected to both tension and 
compression for loads which move on or off either way. And 

generally we observe that in any case those inclined ] towards ( 
the point of zero shearing stress v^U act as \ ^j^g j- 

EzAMPLB.~Letp = 6 tOi and iT = 6 






■_S 


f\ 


i f% €% i% 


mm 


w 


£ 


^ T T* T 


1 


v/ 


vw\ 






■^c 


b 


^,n 


F W 


^s 


m Bn pn m& 


'r 


\ A 


/V /v /\ 


L 


V^ 


\y 


\/\/\/\ 




Pio. 63-^. 
Let the leotangles on the upper chords represent v>iy and the spheres p. In 
Equation (111 ) make iT = 6 and p = 6 Wi and it becomes [(6 — n)' + 3 (3 ^ 

71)] - ^^ 
strain is, H pi see B, 



pi "^ When n = 0, we have the case shown by (o) Fig. 63-a, and the 
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lietaiiiiiij; only the quantity in the parenthesis and we haye for the maxi- 
mom strain on aJl the tie-braces for a nnif orm load moving off without shock, 
by making n = 0, 1, 2, 8, etc., in Eq. (Ill), as follows : — 

For n = 0, stram on end brace or 1st half pair, z= 42^$eea TigM-a 
n = 1, strain on end brace or 2d pair, = 29, tf^ d Fig.63-a. 

n = 2, strain on end brace or 8d pair, = 18, see e Fig.68-a. 

n = 8, strain on end brace or 4th pair, = 9, Md (2 Fig.63-a. 

n = 4, strain on end brace or 5th pair, = 2, see e Fig. 63-0. 

n = 5, strain on end brace or 6th pair, =r ^ 3, tf60/Fig.63-a. 
n = 6, strain on end brace or 7th half pair = — 6, 

Those which incline towards the rear end of the load act as braces, with the 
exception of the second one from the end which remains a tie. The last one 
is the strain on the end brace due to the weight of the truss. 

80. — PROBLEM. — ^Find the Strain upon cmy tie-brace — ^the 
aj-th for instance — when the 7i-th is strained to a maximum. 
This is equivalent to finding the strain upon any tie-brace for 
any of the cases shown in Fig. 68-a. 

^^ 81* — STRAINS ON THB OSORIM HTBOBN THE WBIOKT 
OF THB TRUSS IS CON8IBBRBB. 

Let W= W, + TF, = the total load ; then p + w,= W-^ 
Nj which may be substituted directly in Equations (106) and 
(108). Hence, we have for the strain on the Wrth bay of the 
lower chord 

^ t^ = rir(2 7i-l)-27i(n — 1) P "^J^' I (113) 

And for the compression on the 7^■ih bay of the upper chord p ^'^^ ^ ^ 
"-- c^ = {N--n)^{p + w,). (114) 

89. — ^BIMENSIONS OF THE TIBS. 

Let jr= the section of a tie ; 

T = the modulus of tenacity ; and 
f^=z the factor of safety = J to ^ for iron, and ^ for 
wood. 
Then fKT = the working resistance, which must equal the 
Strain given by Eq. (Ill) ; 

.'.fKT =r(ir-n)'i> + {]Sr-2n)]Srv>^-^ 
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.-. K = l{ir-nyj, + (iT- 2 n) Jfv,^^^. . .(115) 

In wliich for a maximum n should not exceed i J^. If several 
ties are used to resist the strain at any point, this value must be ^ 

divided between them. In the case of bridges there are always 
two or more trusses, and the above values should be divided 
by two or more, and sometimes there are two or more ties in the 
same truss to resist the strains at any point. When n exceeds 
i iTin Eq. (Ill), the resulting values of the equation show the 
strains which will fall upon the fastenings at the end when a 
piece which is ordinarily a brace becomes a tie. In wooden 
structures the parts are rarely proportioned so as to vary accord- 
ing to the strains, but they are proportioned to carry the great- 
est strains, and all the other pieces are made of the same size. 
CJonventional sizes are also sought even at the expense of some 
waste of timber, for the aggregate cost is generally diminished 
by so doing. 

g3. — DiirKBNSioNS OF TSB BRACKS. — The braccs are gene- 
rally so long that they may be considered as short or else as long ^ . 
columns. V '^j J />£;; ^ ^ >h 
Let h = one side of a brace if it is rectangular ; ** ?» ^* 
d = the other, h < d\ 

m = the number of braces used to carry a strain ; 
f = the factor of safety ; and 
Then from (58), we have ^ (P I ) 

I' = [(ir-.)-i> + (ir-2 n) ir.^ ^J^ 

If the braces are round, their total section will be mm^ in 
which r is the radius of the cylindrical column ; and r may be 
found from Equations (60), (61), (62), (63), (64), or (65), as the 
case may be, combined with Equation (111). 

84. — mmrcNSioNS of thf ckorjds. — The dimensions of 
the chords may be found in the same way as the ties and 
braces. 
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€A8B nr. — Teiangulab tbttbs loaded at the joints of THI 

BUPPOETED OHOBD. 

85. — MSTaiBUTioN OF STRAINS.— In Fig. 64: the number 
of bays in the supported chord is odd, and equal to five. As 




before, calling the weight at 1, jp„ at 2, p^^ etc., and we find 
that F*! sustains four-fifths of jp, ; and "Fg, one-fifth of ^j. The 
proper figures are entered on the upper part of the truss, thopc 
representing compression being on the right, and tension on 
the left of the respective pieces, as in the preceding case. 




(4^ S 



Fig. 65. 



In a similar way W3 find the distribution of the strains whec 
the number of bays is even (six) as in Fig. 65. 
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An examination of Figs. 64 and 65^ compared with -^j^ids^ 
97 and 102, shows that they present no new prmciplea. There 
is a difference in the numerical results which is due to the fact 
that the load in this case is supported on one less apex than 
therQ are bays. We observe here that the two tie-braces at 
each end receive the same strain, so that we may count them 
by pairs, the n-Xh. pair corresponding to the nr\h bay. 



86. — STRBSs ON TME TiE-BRACBS. — Ist, FoT equoL weighu 
on every jomt. 

The total load = (i\r-l)jp 

The number of weights between the end, as «, and the 
rirth pair, is n —1. Hence, the shearing stress on the n-th pair 
is 

• • . strain on 7i-th pair due to the^'« is, 

' = 4 (ir-2 71 +1)^ seeO (116) 

strain on n-\h. pair due to the weight of truss is 

:=i(N-2n -^l)w,8eG0 (117) 

and the strain on nr\h pair due to the^'«, and weight of truss, is 

=t i (iT- 2 n + 1) (jp + ^0 «^ ^ (118) 

In this case the total weight of the truss is supposed to be 
supported at the joints of the lower chord. This is done for 
convenience in the investigation. A part of the weight is evi 
dently supported at the joints in the upper chord, and the re- 
mainder at the joints of the lower chord. This modification of 
the case will be considered hereafter. 

The above result may also be found by summing the series of 
coefficients, and multiplying the result by p see dy as in the 
preceding case. Thus, 

ri-\'2-^S+4:+ to (]!f— n) terms -{1+2+S+ to(7i-l) 

terms) Y^ =iir(ir-2^+l)-?^ 

2d, Maomn/u/m, strcdn for equal weights. An examination 
of Figs. 64 and 65 shows the same result as before, tJiat to 
jfToduce a maadmwn stress on the n-th paw of braces the 

7 
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load mvst extend from that "pan/r to the remote endy and the 
remadmng part be tmloaded. This principle is general for all 
trusses with parallel horizontal chords. In this case we have 
{n —1) unloaded joints, and JT — n loaded ones. Hence, for 
the maximum stress on the n-th pair of braces we have 

ri+2+3+ etc.,....to(iir-n)f^?ry?w|-^^^=(ir- n) 

{Jf-n+iy-^^ (119) 

Or by the principle of shearing stress, we have 

8.= F. = (ir-n)(iir-n+l)^ 

or 

5, = F. ^ (iT- n)p = [(ir-7i)i>- fJ- (ilT- n)jp = - F. 

as before, with a contrary sign. This multiplied by sec gives 
the stress as before. In the former expression, S^ = Fj because 
there is no load between Fj and the n-ih pair to be subtracted. 

3d, Ma^mum stress for a partial v/niform live had ami a 
total dead load. The latter includes the weight of the truss. 
Adding Equations (117) and (119) gives 

The maaymium, strain on the nrthpair of tie-braces for tmi- 
form weights vncluding the weight of the trass. 

= \{ir-'n){N--nJt^)p + {N-2n+l)N-w^^ (120) 

in which for a primary maximum n = or < i iT. 
This equation may be discussed in the same way as Eq. (111).* 



* By numbering the tie-bxaoes as in Fig. 66, and introducing a moduhu of 
aigns, we have 
The maximum strain on the n'-th tMfraae, 
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87. — oBNKRAii iHBTKoii. — 'FoT parallel horizontal chords 
the shearing stress multiplied hy the secant of the inclination 
of the tie-braces, gives the stress on the ties and braces at that 
section. 

The reason' is evident, for the chords do not sustain any trans- 
verse stress (when the joints are perfectly flexible as we are now 
supposing), and hence it is all sustained by the ties and braces. 
The value of the transverse shearing stress is given in Article 
84 of the author's " Eesistance of Materials." It is simply the 
resultant vertical force. Hence, if 
Fj = the reaction of one support ; 
V^ = the reaction of the other support; 
Sj^^ = the sum of all the weights between Fj and the end of 

the firth bay ; and 
So^"* P = the sum of all the weights from the end of the ririii 

bay to T^ ; we have 

/S; = K - Sj'jp = ~ (F. - So'^'^'p) (121) 

and the stress will he S^seo (122) 

It is easy to show, from Eq. (121), that ihej?rimcm/maoBimvnh 
is obtained for a uniform load, when the longer segment is 
loaded and the shorter unloaded. 

88. — PROBLfiins to he solved hy Equation (121). 

^ 1. Find the strain, on the aj-th pair of braces when the ?irth 

receives its maximum for ^qual weights, the weight of the truss 

, /being included. 

^tU*-^ 2. Suppose that iTis odd and that equal weights are placed 

on the even joints, required the strain on the tie-braces between 

Vthe 7^-th and {n + 1) weights ; the weight of the truss not con- 
sidered, 
il^^^ 3. Let J>, = 2p, ; J?, = 3p, ; p, = 4p, etc., p^ = np, re- 

.= I HiV — n') (iV— n' +1) ;) + (iir-2 rC +1) Nwi\ x f ( -I)-' <»« 2 »' i- 

- cos2n' nl + r(jy- fiT) (iV- «' +1)|> + (Jf -a »' +1) ^Wil x !"( ^1)-' 

•ii2n ^ + «w2«'irli ^ 
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quired the shearing stress between the 1st and 2d load; the 
3d and 4th ; the {n — 1)** and n**. There being 'iT bays ii3 
the lower chord, and the load on the lower chord. 

4. Find the strain on the firik tie-brace. when all the joints in 
the upper and lower chords are equally loaded. 

In this case the load may be equally distributed on both 




Pig. 67 



chords, or it may all be on the lower chord, but in the latter 
case the weights at the middle of each bay must be supported 
directly by vertical ties which transmit the stress directly to the 
joints in the upper chord. The vertical ties are not essential parts 
of the truss. The strains are not transmitted through them as 
they pass from joint to joint. They simply transmit the load 
to a joint. In this case each of the essential tie-braces receives 
a different strain, and hence we find the strain upon the n-th 
tie-brace directly (not upon a pair). The braces are numbered 
in their order as shown in Fig. 67. The strain on the n-th tie- 
hraoe is * 

(iT- n + i)p8ec0 (123) 

* In this case we get a simple modulus of signs ^ for the signs will change 
with each sncoessiYe piece. Calling tension + and compression — , and 
observing that the first brace is compressed and we have immediately — , the 
strain on the w-** tie-brace = (—1)" (-^— n + i) p sec 6, If the truss be 
inverted, we have — {— 1)' {If — n ^ i) p seed 

Mr. J. Burkitt Webb, class of 1871, Universitp ofMteliigcm, was the first to 
suggest to me the manner of numbering shown in Fig. 67. By placing the 
figures in the angles as shown in the Fig., he makes them number the tie- 
braces ; and also the baps of the chords at the same time. 

If ^ = the total number of tie-braces ; i ^ wiU be the number of bays in 
the lower chord; or if { = i the length of a bay, the total span will be 

Mr. Webb then giyes the following equations : — 

"J^ -hl — ^T eosnir 
-7 p seed COS nir 
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5. Find tjie maanmum strain on the iv-th. tie-brace when the 
live load is so placed as to produce a maximum, and the weight 
of the dead load is equal at all the joints of the upper and 
lower chords. 

Ans. f (2 iT- n) (2 JT- n + 1) jp + {2 N- 2 » + 1) 



2Nw^ 



] 



see 6 



(124) 






6. Find the strain on the x tie-brace in the preceding prob- 
lem. 

7. If the weights increase as the natural numbers from £he 
> first joint, that is, if the load on the first joint is^ (this will not 

' produce strains on the truss), on the second joint 2p ; on the 
third, 3^; and so on, required the stress on the nAh. tie-brace. 

8. In the preceding problem, if successive weights are re- 
moved, beginning at 1, what will be the maximum strain on 
the 71- th brace ? 

89, — STRAINS ON TKB OHORBs. — Stvam ou the 8v/ppoTted 
chord. In Fig. 64, let the bay 2 — 3 be the 7i-th, conceive that 
this bay is severed, and instead of the strain, suppose that an 
equal stress, ^„, is substituted therefor. Taking the origin of 
moments at d, and the moment of F, will be Y^{n — i)l\ 
and of the {n — 1)^'*, the moment will be i (ti — 1)^ jpl ; hence 
if the weight of the truss is considered, we have 



[ 



<„ = i(iir- 1) (_p + wo (»-*)-(»- 1/ (i) + V},) 



I 



] 



(126) 



for the stzain on the tie-braces, and 



^ ptaneth, ?Azli r 



4 ' 3 

for the chords. 

l^ese give the strains on aU the parts of a Warren gfirder for equal loaas 
throughout. When the upper joints are loaded use the .upper signs ; when 
the lower joints are loaded use the lower signs ; and when both upper and 
lower joints are loaded use both signs, that is, omit the ambiguous term 
tnd change the denominator to 2." 
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(12«) 



In a similar way we find that 

The Strom on the Wr-th hay of the tapper chord is 

Cn — {N'''n)n{j>+ w, )-^-^ 

wr 

If n = i iT, Eq. (126) gives ^^ 



90, — ^PBOBiiBM. — ^Find the stress on the 7i-th bay of the 
lower chord in Fig. 67. Also on the 7i-th bay of the upper 
chord. 

01.— EXAKPIiES. 1. Suppose that a triangular tnissed bridge is 120 
feet long dear span, each bay ten feet long, and the depth ten feet. Be- 
qnired the stresses dne to a uniform dead load of sixty tons uniformly distri- 
buted over its whole length. 

Here L = 120 feet; JV= 12; 

2 = 10 feet; p = 5 tons; 

D = 10 feet; seo. 4 = 1.118; 

tang. 4 = i ; No. of tie-braces = 24. 

From Eq. (102) we haye 

The stress on the 1st and 24th — 33.54 tons. 

The stress on the 2d and 23d +27.95 

The stress on the Sd and 22d —27.95 

The stress on the 4th and 21st + 22.36 

The stress on the 5thand20th. — 22.36 

The stress on the 6th and 19th + 16.77 

The stress on the 7th and 18th — 16.77 

The stress on the 8th and 17th +11.18 

The stress on the 9th and 16th — 11.18 

The stress on the 10th and 15th. + 6.59 

The stress on the 11th and 14th. — 5.59 

The stress on the 12th and 13th. 0.00 

Strains on ths Chords. — £q. (106) gives for the strain on the lower chord, 
1st bay, 15 tons; 2d, 40 tons; 3d, 60 tons ; 4th, 75 tons; 5th, 85 tons; 6th, 90 
tons. 

The stresses upon the bays of the upper chord are 27^ tons ; 50 tons ; 67^ 
tons ; 80 tons ; 87i tons ; and if we oonceiYe an exceedingly short bay at the 
middle, we haye, by making 7» = 6 in the equation, 90 tons, the same as at the 
middle of the lower chord. 

If the truss in the preceding example is made of wood whose weight is 50 
lbs. per cubic foot, and the section of the parts proportional to the stresses, 
we may readily find that the weight of the trass will be about 7 tons ; but if 
the braces are proportioned as columns, the weight will exceed this amount. 
The roadway and certain iron fastenings, etc. , which are not included in the 
computation, would probably bring the weight up to 12 tons or more. 
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2. Let the length and depth of the tmss be as in the preceding example. 
Assume that the weight of the trass is 15 tons (net), and the live load 60 tons, 
which is concentrated at the joints of the upper chord in equal amounts. 
Required the maximum strain upon the tie-braces as the load moves oft 
without shock. Use Eq. (Ill) for the strains on the tle-braoes. 

liazimnm stress on the 

' Hint DUX. Second DUE. 

Ist . . - 41.93 

6.76 
2d and 8d ... ±85.17 «/.47 

6.29 
4th and 5th... ±28.88 0.47 

6.82 
6th and 7th... ±23.06 0.47 

6.85 
8th and 9th... ± 17.71 0.47 

4.88 
loth and 11th. . . ± 12.83 0.47 

4.41 
12th and 18th. . . ± 8.42 (middle pair) 0.47 

8.9 
14th and 15th. . . ± 4.48 (secondary maximum) 0.47 

8.47 
16th and 17th. . . ± 1.01 (secondaiy maximum) 0.47 

8.00 

18th and 19th. . . ± 1.99 

Between the 17th and 18th the signs change, and the values after the 17th, 
which are found by the formula, are the amounts which the live load relievea 
the stresses which are due to the dead load. 

8. Let i = 60 feet ; « = 5 feet ; i> = 10 feet; TF, = 30 ; Fa = 40 tons 
I " on the upper chord. Required the maximum strains as the live load moves 
off without shock. 

We have iV" = 12 ; Nw^ = 30 tons ; t^i = 2^ tons ; ^ = 8i tons \ see B =z 
1.08. 

4. What must be the relation between the live and dead loads, both uniform 
X^ and on the upper chord, so that the maximum strain on the end braces shall be 

X times the maximum strain on the central pair ? N may be odd or even. 

5. What must be the relation between the Hve and dead loads, so that the 
V point of zero shearing shall be dXxN: otUq = xN. x will be a fraction. 

Discuss the result, and show the limiting values of x. 



99. — MiNianjOT AHEOUNT OF iHATERiAi.. — It is practically 
impossible to make a direct explicit solution of the problem for 
determining the minimum amount of material for a bridge of 
given span and load. The simple reason is — the functions are 
too complex. For instance, consider a Warren girder in which 
the loan is v{pon the wpper joimjta^ cmdlf even. 
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Let the ties be of iron, and the braces and tie-braces be of 
wood. The section of the former will be 

"" ^T 

in which T = the modulus of tenacity, and 

F = the pulling strain. ^ . 

The section of the latter will be ^ / ^'^ 

V o 
in which I = the length of the piece ; 

h = one side of the square section 

C = a constant depending upon the ^nd of 

material used ; and 
Q = the pushing force. 

The value of Fy Eq. (Ill), or 
F= I (]}f^^nyj>+ {]P -2 71 JV)w, |-2ir (^^^ 

substituted in the value of k given above, and n made = 1, 2, 
3, etc., to i iV^ will give a series of values which may be 
summed into a single expression. 

The successive values of Q may be found from the same 
equation by making n = 0, 1, 2, etc., to ^ JV" -- 1, which, substi- 
tuted in the value of b^ given above, gives another series which 
is not so easily summed. Near the middle of the truss we 
should determine whether a tie-brace when proportioned as a 
brace will not also serve as a tie, and if so it should not be con- 
sidered in the preceding expression. It is thus seen, without 
any further considerations, that the problem is a very complex , 
one. 

Having found the sections of the pieces, we proceed to find 
die total volume. Thus, let 

Z = the length of the span ; 
I = the length of a bay ; 
D = the depth of the truss ; and 
= the inclination of a tie-brace. 

Then I = — =- ; and tang = ^ 
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The leoigth of a tie-brace z= J) sec 0; and the transverse sec- 
tions as found above multiplied by D sec 0, and the results 
added will give the volume of the tie-braces. In a similar way 
the volume of the chords may be found, and the total volume 
is to be a minimum. But the problem is too complicated to 
make its solution of any practical ^alue in this connection. 

The problem becomes much simplified by supposing that the 
sections of the several pieces are directly proportional to the 
strains to which they are subjected. This case was solved by 
William Bonton, Class of 1865, Univ. of Mich. (See Joiir. 
Frank. Inst.j Vol. LXXX., p. 80). As the hypothesis which he 
assumed is rarely realized in practice, I will not reproduce his 
solution, but will give in the following table some of the results 
of his analysis : — 

TABLE 

Gri/ving the indmation of the tie^aces and the relation be- 
tween the length amd depth of a Wa/rren girder for a rnvnir 
vn/wm amount of material when tJie sections a/re proportional 
to the stresses. 
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The problem which has usually been given under this head 
is — To find the inclination of the braces and ties so as to give 
a minmium amount of material^ the sections being proportion^ 
to the stresses to which they a/re subjected. 
In this case, using the same notation as before, wo have 
jBT = the section of any brace or tie ; 
D seo0 •=^ the length of a brace ; and 
Tj -T- D ta/ng = the number of tie-braces. 



rt-r . 
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= the volume of all the braces, which is to 



D tcmg 

be a minimum. From Eq. (118) we see that Ovaries as sec 0^ 
and also with n, but in determining the inclination we are not 
concerned with the latter; therefore the essentially variable 
part of the above expression becomes 

se(f 1 

fang cos sm 

which is a minimum for = 45°. 

But when the braces are proportioned as columns, this solu- 
tion becomes of no practical value. 

93. — PROPBR I.SNGTH OF Tfls BATS. — The length of die 
bays is, within certain limits, an arbitrary quantity. If too loiig 
they must be proportioned to resist a transverse strain as well 
as tension and compression. After the engineer has fixed upon 
the4ength of the bay and the depth of the truss, he may find tliat 
a single system of trussing will give too small an inclination to 
the tie-braces for economy ; in which case a double, triple, or 
multiple system may be used, as shown in the following cases. 

94:. — CASS T.— BOVBIiS TRIANGUIiAR STSTKM \¥ITH TKB 
liOAB ON THB JOINTS OF TAB SUPPORTBB CHORD. 




Fig. 68. 



This is sometimes called a half lattice. 



95. — STRESS ON TME TIE-BRACB8. — The proper mode of 
analyzing this truss is to consider it as composed of two simple 
triangular trusses. The truss Aahcd ef^ etc., is the same as 
Fig. 64, with the load on the supported chord, and the sys- 
tem Aarstuvwx^ etc., is essentially the same as Fig. 62, since 
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iu botli cases the first load is one-half a bay from the supported 
end. Hence, the strains in the former system are given by Ey. 
(120) and in the latter by Eq. (111). The end brace AaiB com- 
mon to both systems, and the stress on it is f ^ «ec 0. 

96. — STBEBs ON THE cnoRDS The stress npon the several 

bays of the chords may be found by treating the two trusses 
separately, as in the preceding article. Thus, to find the stress 
on id, first find it on hd of the system Aaicde, etc., which 
will be given by Eq. (125) ; eeoondii/, find it on tv of the system 
AarstwD, etc., which will be given by Eq. (106), and thirdly, 
add the results for the stress on td; the part which is common 
to both bd and tv. 

97. — TowKK's LATTICE IS a multiple triangular system, as 
shown in Fig. 69. It was designed many years since, long be- 
fore iron was used in this country, for bridges. It is com- 
posed of planks of uniform thickness and width, placed at equal 
distances from each other, and having equal inclinations in 
opposite directions. The planks are secured to each other at 
their crossings by wooden pins — sometimes called tree-nails. 



The chords are also formed of planks of the same size as the 
lattice-work, and arranged so as to break joints. If the system 
is doubled, they are separated by one of the stringers of the 
chord, as shown in the "okoss section" in the figure. The 
construction is evidently very simple, and may be made by au 
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ordinary carpenter. They may be made by the mile, and cut 
off by the yard to suit the occasion. Notwithstanding their sim- 
plicity they have proved themselves to be very efficient in sup- 
porting loads. A railroad bridge on this plan has been in use 
for many yeai*s over the Hudson River, at Troy, N. Y., and 
is now in good condition. Trusses on this plan have been made 
of flat strips of iron, which were riveted together at their cross- 
ings. Samples of such structures may be seen at Schenectady 
and Rome, N. Y., on the New York Central Railroad. 

98. — ANAI.TSIS OF TonrNB's I.ATTIOB. — ^Siucc 'the chords 

are of uniform size throughout, we have only to determine the 

proper size for them at the middle of the span. Suppose that 

the load is uniformly distributed over the whole length. 

Let W = the total uniform load including the weight of the 

bridge ; 
L = the span ; 

D = the depth of the truss; and 
J7= the pull at the middle of the lower chord, or com 
pression at the middle of the upper chord. 
Then 

B'D^iWiZ-iWxiZ^i WZ. 

••^ SB 

If there are two chords this stress wiU be divided by two, 
and the quotient used for determining the size of the chords. 

To determine the strength of the lattice-work, let a vertical sec- 
tion, HS m rij Fig. 69, be made near the end of the truss, and let 
m = the total number of tie-braces cut by the vertical 
plane in all the trusses which carry the given load ; 
k = the section of each tie-brace ; 
C =T = the modulus of strength ; and 
= the inclination of the tie-braces. 
Then 

m TTc cos will equal the vertical shearing stresB, 

.-. m Thcos0=^i W 

W 



m = 



2kToo8 
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This is an approxjmate solution, but it is Bufficiently exact 
for a wooden truBB of this kind, in which the trussing and 
chords are uniform throughout ; but in the case of an iron 
lattice, where it would result in a saving if the parts were 
properly proportioned, a more exact analysis is desirable, which 
may be made aa in the following article. 

09. — ANAI.TSI8 OF THB nciiTlFLB TRIAIfGriiAR 8T8- 

TBin. — Let there be four systems of triangular trusses, as in 
Fig. 70. We here consider tJie effect on ea^h system, aa if the 



others did not exist, and then conceive that they are combined 
by being placed side by side so that their spans will coincide. 
Thus, beginning with p^, we see that j>„ _p„ p,, andjp,, are car- 
ried by one system. Similarly, p„ j>„ ji,,, and^„ are carried 
by another system, and so on. The stress on each diagonal due 
to each weight may easily be found by the methods already 
explained. The diagonals which incline to the right in the 
figure (ire numbered from 1 to 17 inclusive, 

EsAHPLB.— Let the apan be 120 feet, depth of tmsa 15 feet, and 4 
gjBtenm of riglit-aiigled tnoDsles, aa in Fjg. 70. Let the permanent load dae 
to the weight of the bridge be 3i tons at each apex, and the moring load 5 
tonB ai each &pex. 

Then p, = p, = p, = eto. , = 6 tone ; 
IB, — ii tons ; 

JT = 16 = the nnmber iJ bajB in the span ; and 
9 = 45°. 
.-.WD 9 = 1.414 
OoniicleT p,. The horizontal distance between lb and A ibom bay; and 
between it and if is IS ba3>a ; hence, A otorieeijpi and B fsPi] or A oames 
li of a ton and S ^ of a ton. The strain on the brace numbered 1 will b« 
^ X 1.414 = 6.635 tons. Bettduing only one decimal fgure, and the resuUi 
6.6, Is euterad in the following table. 
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The stress od the braces — 6, V, 18, and 17 dne to pi is the same on 
each, and is ^ x 1.414 = (h of that on brace 1) = 0.441 + . Retaining 
only one decimal as before, and the resolts are entered in the preceding table. 

The stress on brace 2, due to j7a is i|ps x 1.414 = 6.186, which call 6.3 as 
in the table. Proceed in this way with each of the weights, and enter the 
results in the table. 

In this example, + is for tension, and — for compression. The maximnm 
tension is found by adding all the + values in each horizontal line, and the 
maximum compression by adding all the corresponding — values. These 
results are given in the columns marked *^ Max. — p "and *^ Max. + p," The 
values of the strains due to the weight of the bridge, tOi, are evidently one-half 
the strains which would result from loading every joint in the upper chord 
withp ; and hence may be found by taking one-half the algebraic sum of the 
+ p*8 and — p's. The results are entered in the column marked + v>i. 

The strains in the columns -h p and — p are those due to a live load ; those 
for — p being the strains due to a load moving oft to the right, and tibose of 
+ p due to the same load moving off to the left. Those in the column + Wi 
are the strains due to a permanent uniform load. 

The maximum strains due to both the Uve and dead loads are evidently the 
algebraic sum of the strains due to each acting separately. These results are 
entered in the two last columns, the minus values being the strains due to the 
live load moving off to the right when the weight of the bridge is considered, 
and the other the effect.of moving to the left. 



lOO, — AMBIGUITT IN BBGARB TO STRAINS IN CBBTAIN 

OASES, — It has been shown, in article 71, that when the joints 
are equally loaded and symmetrically placed in reference to the 
centre, that all the tie-braces between the two most central pair 
of loads receive no strains. If this were generally true the 
strain due to the weight ^^ on the brace at the right of jp^, would 
be balanced by the strain on 9 due to the equal weight j>^ ; in 
which case neither would receive any stress due to an uniform 
load throughout. But an examination of the figure shows that 
the stress on 9 due to jp, does not pass through the system of 
which jp, is a member. If the truss were only half as deep, the 
two tie-braces mentioned would belong to the same system. 
An ambiguity here arises as to which way the strains will 
definitely pass ; whether they will pass wholly by their own 
system, or partly by one and partly by the other. If propor- 
tioned according to an exact analysis, that hypothesis should be 
assumed which will give the greatest stress on any particular 
piece. This case is analogous to that of a rigid beam or frame 
which is supported by four or more props, in which case it i9 
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impoflfiible to tell exactly how much is supported by each prop 
If supported by three props, it is easy to tell the amount sus* 
tained by each. 

lOl, — UTARRBN'S OIRDBR MOBIFIBD. — Betuming UOW 

to the more simple form of the triangular tiniss with equally 
inclined tie-braces, if we conceive that the load remains on the 
supported chord, as in Fig. 65, and that the upper joints are 
carried forward any amount, as for instance, until one-half the 
tie-braces are vertical, as in Fig. 71, it is evident from the way 




that the change has been made, as well as from an examination 
of the distributed atrwmSj that the only difference in the two 
cases is in the secant of the inclination of the pieces, and hence 
Eq. (120) is applicable to this form. 

If the joints are loaded in any manner, the more general case 
is shown by Fig. 72, in which t denotes tension and c compres- 
sion. 




Fig. To. 



If now the right-hand half of the upper joints of Fig. 71 be 
moved to the left, so as to bring e indefinitely near d^ we shall 
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have the case shown in Fig. 73, which is shown in a still more 
general way in Fig. 74, in which the numbers are omitted and 
the character of the strains is indicated by the letters c and t. 





Pig. 74. 

This is also a triangular truss, and to which Eq. (120) is 
directly applicable. If every joint be loaded, as in Fig. 75, 
then the inclined pieces will be subjected to compression only ; 
but if there be an eccentric load, or in other words more load 
on one side of the centre than on the other, and the inclined 
pieces are arranged and secured so as to resist only compression 
(or tension), the truss may become distorted, as shown in Fig. 
76. 





Fig. 76. 



Fig. 76. 



This kind of distortion is prevented by iiie arrangement of 

l^Bjxmd system, which will now be explained. 
8 
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TYPE FORM OP HOWE'S TRUSS. 

103. — If now we introduce braces in each of the diagonals 
which incline in the opposite direction to those in Fig. 73, to re- 
ceive by compression the strains of tension which, in Fig. 73, fall 
upon the inclined pieces, we shall have the form shown in 
Fig. 77. 




Fig. 77. 

By this arrangement tie-braces are entirely eliminated, for it 
will be observed that all the inclined pieces are hraoeSy being 
subjected to compressive strains only ; and the vertical ones to 
tension only. 

The TYPE FORM of this style of truss is called the kohtb 

TRUSS. 

TYPE FORM OF PRATT'S TRUSS. 

10S«— Jji Fig. 72, if the joints of the left half of the upper 
chord be moved outward so as to make the end brace vertical, 
we shall have the form shown in Fig, 78, which is also a 




triangular truss, and to which Eq. (120) is directly applicable. 

If now we introduce diagonal rods to resist by tension the 
stress of compression, which, in Fig. 78, act upon the tie-braces, 
we shall have the form shown in Fig. 79, in which aU the 
inclined pieces are tie6f and hence the vertical ones are struts ; 
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and hence in this case me ha/oe no tie^aoes. Th^ ttpb fobh 
of this tmss is called a pratt truss. 



PANE! SYSTEM, 

104. — ^The Howe and Pratt trusses come under the more 
general head of the panel syst^em. The jxmel system consists 
of a system of trussing in which a part of tibe pieces are 
vertical or nearly so ; and of inclined pieces so arranged that 
neither are subjected to opposite strains. As the latter prin- 
ciple applies to cases in which the chords are not parallel, and 
in which the vertical members (so cajled) are somewhat m- 
clined, the still more general term of quadbanotilab system is 
sometimes used. 

K pound is one of the rectangular (or quadrangular) spaces 
1 J c 2, Fig. 79j included between two verticals and the chords. 

A diagonal is an inclined piece which crosses a panel 
obliquely. The diagonal in the " Howe Type " is a hra^ / 
and in a " Pratt Type " it is a tie. 

The verticals in the " Howe Type '' are ties^ and in the 
" Pratt Type " they are struts or posts. 



105. — ^MAXIMirM STRB8SON TWDR DIAC^ONALS* — PsOPOSI- 



WON. ^WhEN the VERTICAL MEMBERS ARE EXACTLY VERTICAL) THE 

STRESS ON THE DIAGONALS IS THE SAME WHETHER THE LOAD BE 
UPON THE UPPER OR LOWER CHORD, OR UPON BOTH. 

In Fig. 80, for instance, if a weight rests at 8, and J 3 is a tie, 
that portion of the weight which is sustained by the support at 
A will be transmitted through the tie J 3. But if J 3 is a brace 
it cannot transmit this stress, but instead thereof it will be first 
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transmitted to Oy and thence to A through the brace e 2. Tlie 
same reasoning applies if the load is placed at e. Hence, A 
will carry the same amount whether the load beat 3 or a. 




Fig. 80. 



Or, more generally, we observe that the vertical forces 
between h 2 and o 3 are transmitted from one side of the panel 
to the other through the diagonals, and hence it makes no 
difference where the load is placed, provided the points of 
application are in the same vertical. 

An examination of Fig. 80 shows that to produce a maximum 
stress on any diagonal, the truss must be loaded from that 
diagonal to the end towards which the diagonal acts. For 
example, if J 3, Fig. 80, is a brace, the maximum stress on it wiU 
be induced by a load from 2 to A; but if o 2 is a brace, the 
maximum stress will be induced by a load from 3 to ^, If c 2 
were a tie^ the maximum stress on it would be induced by a 
load extending from 2 to A. 

Let iT = the number of bays in the chord ; 

n = the number of the brace or tie considered, counting 
from either end. This will also equal the number of 
bays in the supported chord between the end and the 
brace (or tie) which is being considered, including the 
bay which is in the same panel as the brace (or tie) ; 
it also represents the part which has no live load ; 

J} = one of the equal weights of the live load ; 

Wi = one of the equal weights of the dead load ; 
= the inclination of a brace (or tie) ; and 



V^ = the reaction of the support at the Sad from which n 
is counted. 
Then, if it is bo loaded with equal weights at the joints, as to 
produce a maximum strain upon the /irth brace (or tie) we have 

^ (iV^- 7i)(i\r- w. + 1) . i/7ir IN 

Subtracting (n — 1) w^ from this, which is all the load between 
the end and the /irth diagonal, and we have 

S, = ["(iT- 71) (iT- 71 + l)i> + (iT- 2 7^ + 1) i^w'.lg^^ 

which, multiplied by the sec gives for 

The mcLodmv/m stress on the nAh. hrace {or tie) of the panel 
system for eqiMl weights of live and of dead hads^ the load 
being either on the upper or lower chords or on hoth : — 

^'''=^\: + {j^^^n-^i)irw,\^ (^^^> ^^ - 

which is the same as Eq. (120). 

106. — DISCUSSION OF B^IUATION (198). 

1. Let iT = 2, and t^ = 1, and Eq. (128) becomes 

^{p -^^ w^ see 6. 

This is the case of the king-post truss, and the preceding 
Equation is substantially the same as the second of Eqs. (68). 

2. Let ir== 3, the case of the queen-post or trapezoidal 
truss, and we have 

F^ = Ls -7.)(4-7i)i> + (4- 271) 8 wj^ ^ 

in which, if ti = 1, we have 

F^ = (p + w,) sec 

which is substantially the same as Eq. (96). 
If 71 = 2, we have 

F^—ipseoO 



t 



118 rSEATSBB ON BRIDaXfl. 

in which w, diflappears, as it Bhoald. This is the case in which 
a weight p is placed at one of the joints, and the other one is 
unloaded as in Fig. 51, and ip see ^ the stress which wonld 
&11 upon a diagonal GF^ Fig. 49. 
8. If n = 1, we have from (128) 

i?: =i[(ir-l)(p + 1/),)] ^^^' (129) 

And obberving, that for a load uniformly distrihated over the 
whole length, each snppc»i; would sustain ^-3^(^.4-^^), and it 
appears that the end braces carry less than one-half the total 
load. This is because one-half the load on each of tlie end bays, 
when the load is uniformly distributed, is carried directly by 
the abutments, and hence the strains due to this part of the 
load are not transmitted through the trussing. This shows a 
distinction between a load uniformly distributed and one com- 
posed of equal weights placed at the joints, and will be noticed 
hereafter. 

4. For equal weights throughout, the term 

i(iF- 2/1 + l)w,8eo0 w (129 a) 

gives the strains on all the diagonals ; and if ti = i (iT + 1), 
(129-a) reduces to zero, which shows that for an odd number of 
bays and uniform load there will be no strain on the braces in 
the central panel. See Fig. 49. 
6. If the weight of the truss be neglected, w^ = 0, and 

gives the stress on the ^th diagonaL This becomes zero for 
n = i\^orn = -3r+ 1; the later value of which being beyond 
the truss, does not belong to the pmctical part of the prob- 
lem. 

6. For n less than i (iT -h 1) both terms of Eq. (128) are 
positive, and hence when the live load extends over more than 
half the length of the truss; the dead and live loads conspire to 
produce strains. 

7. For n greater than i (iT + 1), the first term (containing 
P) remains positive, but the second term (containing w^) be- 
comes negative ; and hence, when the shorter segment only is 
loaded the live and dead loads act against each other in produc- 
ing strains. 
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8. If we place Eq. (128) equal to zero, and solve for n, we find 



w 



n = .^^^+ir+ i± 



\/(4-+ tK + i« 



which gives the brace on which there is no strain. To make 
the nature of this equation clear, suppose that a live and dead 
load, consisting of equal weights, is placed at every joint of the 
upper or lower chord, in which case the stress on the first brace 
is a maximum for that load. Then remove the weight at one 
end which represents the live load, and we shall have the maxi- 
mum stress on the second brace. Remove the second weight of 
the live load, and we have the maximum stress on the third brace, 
and so on ; the stress on each successive brace being a maximum 
although less than that on the preceding until, after pass- 
ing the middle, we find a brace which has no stress, or which 
has a negative stress. The exact point at which the stress- 
change's signs is given by Eq. (130). In other words, if we 
conceive a live load moving off from a bridge, the braces just 
under the rear end of the load will receive their maximum 
stress for that load, and the braces under action will incline 
towards the rear end of the load; but there will be a point at 
which there will be no stress ; and beyond that point no braces 
which incline towards the load are necessary. This is illustrated 
by Fig. 81. The peculiarity shown in the chords will be ' 
-noticed hereafter. The strains due to the live load after it 
passes N^ (see next page) will simply relieve the remaining braces 
of a portion of the strain which is due to the permanent load. 




There are two values of n in Eq, (130), one of which exceeds 
I {IS' + 1) and is less than i\^ and the other value exceeds jV", 
and hence does not belong to the practical part of the prob- 
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lem. That value has only a theoretical signification. Call the 
former value n^.- We also find, by assuming values for JTthat 
the value of Uo is generally fractional ; but as /i is the number 
of a brace, and as there are no fractional braces, we retain only 
the integral part of n^,. If n^ is an integer, it shows that there 
is no stress on the 7^-th brace (it is neutral), and hence practically 
we only need n^ — 1. 

Let Uf, = that value of n in Eq. (130), which is < If and 
>i(ir+ 1); and 

Iff, = the integral part of /i^ ; or if n^ is an integer = 
no — 1; then 

Jfl = the number of braces (or ties) which should in- 
cline one way counting from the end ; and 

Jf — JTo = the number of panels in which only one 
brace (tie) is needed, as in Fig. 81. 

107, — A couNTBB-BRACE is ouc which inclines in the 
opposite direction from a main brace. The main braces incline 
from the end. The counter-braces incline from the middle. 
An examination of Fig. 81 shows that the counter-braces 
beyond the middle (counting from either end) incline the same 
way as the main braces between the end and middle ; and the 
analysis in the preceding article shows that the formula which 
is applicable to main braces is also applicable to counter-braces. 
According to this mode of reasoning, a counter-brace possesses 
no peculiarity which is not common to a main-brace, and hence 
the term counter-brace^ in an analytical sense, is unnecessary 
but in practice its use is common. Still using the term, we 
have, analytically, 

iV^ — i (iT + 1) = the number of panels, each side of the 
centre, which require counter-diagonals, and hence on both sides 
of the centre including the central one we have 

2 i\^ — iT = the number of panels in each truss in which 

diagonals should incline both ways ; and 
2 (iT— iV^) = the number of panels which require main 

diagonals only; and 
IT — -3^ = the number of panels near each end which 
do not require counter-diagonals. 
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108, — TALUES OF No- 

Table. — Valtoes of No<, or the nAirriber of braces (or ties) which 
shovM incline from either end in the Panel System. 
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Nwmiber of pomels near each end which need no ootmter- 

diagonals. 
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109, — ^SXAMPIiSS. — 1. In a truas of the Panel System, let the clear 
£pan be 120 feet, and the depth from oentre to oentre of ohoids be 10 feet ; and 
tiie length of each bay be 10 feet ; total weight of the truss 60 tons ; live load 60 
tons when it extends oyer the whole length of the tmsa. Required the mazi* 



^ 
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mnm strew on the diagonals as the live load moves off without shook. (We 
assame in this that the liye load is equivalent to equal weights placed at the 
joints.) 
We havep = t©, = (f J = 5) tons = 10,000 lbs. 

ilT = 12 ;* ««j tf = ««j 45* = v2 = 1.4148. 

These values in Eq. (128) and n made equal to 1, 2, 8, etc., give :— 

Flrat Diil. Beoond Diff. 

Stress on 1st brace = 155,562 lbs. 

27,106 
Stress on 2d brace := 128,456 lbs. 1,178 

25 028 
Stress on 3d brace = 102,528 lbs. ' 1,178 

24,750 
Stress on 4th brace = 77,778 lbs. 1,178 

23 572 
Stress on 5th brace = 64,206 lbs. ' 1,178 

22,894 
Stzess on 6th brace = 81,812 lbs. 1,178 



Stress on 7th brace = 10,596 lb& 
Stress on 8th brace = (negative) 



21,216 



Hence Uo is between 7 and 8, and iV^o = 7 in this example ; and hence only one 

counter-brace i» required according to this series ; and only two in the whole 

truss. 

. 2. The following are the actual dimension of a bridge truss. Length = tOO 

^ feet, iV=8.-. f = 12^feet. i) = 19 feet. .\ sec e^ 1.2. Weight of bridge 

Wi = 60 tons ; uniform live load W^ = 100 tons (net). ,'. p = 12^ tons, 

and wi 7i tons. 

There were two trusses, but by computing as if there were but one, we find 
for the maximum stress as follows : — 

On the 1st diagonal, 84 tons ; 2d, 61| tons ; 3d, 41f tons ; 4th, 23} tons ; 
5th, 6f tons ; and on the 6th it is negative ; hence three panels need no 
counter-diagonals. 
/v) 3. The following are the dimensions of a Whipple bridge (see Fig. 89) on 

the Albany and Rutland Railroad near Troy, N. Y. 

Total length 147 feet ; clear span, L = 145 feet ; iV = 14 . *. ? = 10 J feet ; 
D = 21i fe«t ; see e ^1.1. Total weight of the bridge 61^ tons, . •. ^i = 4,4 
tons. Assume that the live load is one ton per running foot ; and hence p = 
lOi^tona Required the maximum strains on the ties. (The truss is also 17 
feet wide from out to out ; su^ension ties 31 feet. There were two trusses.) 

4. If in a panel truss iV = 12, and it is found that for a live and dead load, 
( y the maximum stress on the 3d diagonal is 21.9 tons ; and on the 4th it is 16.8 

tons '^ see 6 s= 1.2 ; required the values of p and Wiy and the total weight of 
the truss. Ans. Wi = 24 tons. 

5. If ^ = 10 and p = 12 tons, and it is found that the strain on the 7th 
^ brace is zeax} when, the live load is on the three end joints ; required «o, or the 

weight of the bridge. "^ ^ VV t*—* 

1 6. I have used for illustration « model bridge of 12 panels which weighed 
id lbs., and I found that the maximum stress on the fourth braoe for 
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eqnal weights on 8 end joints was 21 lbs. ; seod = l,4u Required the value 
of one of the equal weights, p. ^ t 8 3^ . 

7. Suppose that a panel truss is so loaded with equal weights as to produce j *\ 
maxitnum strains on the following diagonals : — on the second diagonal, 5,448 ^ -4-yi^tfUtu»*^ 
lbs. ; on the fourth, 4,208 lbs. ; and on the tenth, 680 lbs. If «eo 9 =: 1.6, 'I Hvv/ftA'rv*v^ - 
required the number of panels in the truss ; the weight of the bridge, and ^c/n^v^Cu. 
the weight of the live load. 

8. Two trusses each weigh 10 tons, TFs = 20 tons on each ; one has 10 
panels, the other 20 panels ; the total length and see B the same in both. 
Required the stress on the fifth brace of the former and tenth of the latter ; 
and show why they are not the same. 

110. — GENKRAL TAI<17B OF THE SECOND DIFFfiRBNCfiS, 

—In Eq. (128) make n = 1, and we have 



[(Zl_l^_£ + i(iV^-l)-.]-o^ 



For « = 2, we have 



-g-^ — :p+H^ - 3) w, I seo e 



For » = 3, we have 



The difference between the second and first of these values is 

[2ir-2 ^ "I , 

Between the second and third, it is 

[2iV-4 1 

These are the first two terms of the first differences. The 
difference between these is 

which is the constant vahie of the second differences. 
In the first example above, this becomes 

5 X 2,000 X 1.4142 ,, . . ^oi lu 
~T^ lbs., =s 1,1 78i lbs. 
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The first term of the first difference, as given above, is 

1.4142 = 27,106 lbs. The successive terms in the column of 
fii-st differences may be found by the successive subtractions of 
the second differences = 1,178 lbs. (omitting the i lb.). 

The stress on the first brace is i (iT — 1) (^ + w^) see = 
i X 11 X 10 X 2,000 X 1.4142 = 156,562, and by subtract- 
ing, successively, the successive first differences, the actual strains 
may be found. 

1 11. — STRESS ON ANT DIAGONAI*. EbQUIBED THE STRESS 

ON THE aJ-TH DIAGONAL WHEN THE TBUSS IS SO LOADED WITH LIVE 
AND DEAD LOADS AS TO PBODUOE A MAXIMUM ON THE n-TB 
DIAGONAL. 

Let JT = the total number of bays in the supported chord ; 

J) =: one of the equal weights of the live load ; 

w^ = one of the equal weights of the dead load ; 

= the inclination of a diagonal ; 

n = the number of a diagonal which receives the maxi- 
mum stress ; and 

X = the number of the diagonal which is considered. 
There are two cases : — 

Ist, for aj < 71, and 
2d, for a? > 71. 

Ist, For 35 < 71 we find the stress, by deducting from tlie 
value of Fj, which is given just before Eq. (128), all the load 
between the end and the aj-th brace, which is (aj— 1) w^ and mul- 
tiplying the remainder by see 0. 

.-. F^ = Hir- n) (iT- 71 + l)j? + (iT- 2 a? + 1) JTw,^ 

f^ (131) 

2d, For a? > 7* we use the same principle, but the load to be 
deducted will be {x — 1) w^ 4- {x ^ n)p; hence we have 

F^ = r((^- ^) (^- 71 + 1) - 2 ir(aj - 7i))j> + (i7- 



^'-'L-^'i^-t^^/d^JJ'- L-^^Q 












/"^5 i^r* ^i-*^^ 



/^. . 
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^ ~td '^-^^ 
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2a, + 1) iyr«, 1 ^ .....(132) 

These equations may be discussed in the same way as Eq, 
(128), but they are not of much practical value, since the parts 
should always be proportioned to resist the mammum stress. 

Example. — If a bridge has 10 bays, and the peimanent load on each joint 
is IT I = 4- ton, and the transient load ^ = 1 ton,, required the stress on all the 
braces when the third receives the maximum stress. 

113. — UNiFORmiiT DISTRIBUTED i<oAi>. — A load Uni- 
formly distributed over a portion of the span, as in Fig. 82, is 
not the same as if equal weights were placed upon the truss 




Fig. 82. 

from c to B. We are considering the joints as perfectly 
flexible ; hence the joint c carries one-half of the load on o d^ 
but only a fractional part of that on a c ; and the other pait on 
a c is carried by a. If the load extends from a to B^ then the 
load on c is one-half that ona c and c d^ and that on a is one- 
half that on a c. Hence, it appears that it is impossible to 
produce equal weights at the joints for a uniform load, except 
when the load extends over the whole length of the truss. Let 
us therefore ascertain how far the load must extend to produce 
a maximum stress on the n-th. diagonal, which, in Fig. 82, is the 
diagonal a e. 

Let i\r, n^ and J?, be the same as before ; 
w = the load per foot of length ; 
a? = J {? /, 1^ a? = the load onh c\ and 



w or 



directly 



. the joint a sustains directly \ -^ 



and c sustains 



I 
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It is evident that the maximum stress on ae is the difference 
of the stresses on ae and^ due to the uniform load. The stress 
on^b — or that which tends to produce a stress onjh — ^is that due 
to the stress on a, and that on ae that due to the load on Cy and 
also on all the joints between c and JS ; but as the latter is con- 
stant, we have occasion now to consider only the load inx on ae. 



n-^1 



ivof 



Of the load on a, JS sustains ■ ■ j^ x i -y, and of the load 

op <?, A sustains ^^ x lox — y — • 

Hence, the stress on ae due to both is the difference of these 
multiplied by sec S. or 

r^ _ 1) a^ _ (iir- 71) (2 Z - ar) « j!|^, 

which is to be a maximum. 

• .-. 2 (n - 1) a? - 2 (iT - 71) (? -- oj) = 

and the whole length of the load is l£ =: OJ + (JT — n)l^si 



The fraction 



Nl 



. ;ir — y is constant, and its value is equal to the 

span divided into one less number of divisions than there are 
bays in the chord. Hence, to produce a maximum stress for an 
uniform load, conceive that the span is divided into one less 
number of spaces than there are bays, and that for the succes- 
sive braces the maximum stress is produced when the uniform 
load extends from the division under the brace to the end 
towards which it inclines. The maximum thus produced, 
including the dead and live loads, is 

' -^Of ^^Z + i ^Z X — ^^ 






+i(jr-2n -H i)«7 



see 
(133) 
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which is less than that produced by equal weights placed at the 
joints ; and hence the formulas previously developed are ou the 
safe side. 



^ 






^1 



113. — STRESS ON THB TERTioALS. — Accordiug to prin- 
ciple <?, article 71, if the load is on the supported chord the 
stress on the n-th vertical is the same as the vertical component 
of stress on the vAh diagonal. The same may be seen by 
examining Fig. 80. It must be observed, however, that unne- 
cessary members are not included in the count. In the case of 
the Howe type^ the outline of the truss is trapezoidal in form, 
as in ,Fig. 77, although practically it is usually made rectan- 
gular, somewhat like Fig. 79. In the Pratt type^ the truss 
is usually rectangular, as in Fig. 79, but if it is supported at the 
upper chord, it may be trapezoidal, like Fig. 77, inverted. 
In either or any of these cases, principle e of article 71 is appli- 
cable. Hence if the load is upon the supported chord we have 
only to make sec ^= Im Eq. (128) for the maximum stresi* 
on the Tirth vertical. Hence 

The maxvmum stress on the n-^ vertical of the pa/nd system 
for equal weights placed on the svpported chord is 



i \{]^- n) (iT- n +l)i> + (iT^ 2n + 1) ^^»"|2-V ' ' '^^^^^ l/^^^ 



in which n must not exceed f IT. 

If the load be upon the upper chord, Fig. 80, the maximum 
stress on the verticals may be found by subtracting p -f w^ 
from the preceding expression. Or we may observe that the 
stress on the TZrth vertical is the same as the vertical component 
of the stress on the {n + 1)*^ diagonal brace. 

Hence i/n the ^^ Howe type^^ with equal weights on the 
unsupported chords the raamrriurn stress on the {n — 1)*^ ver- 
tical is gvven hy Equation (134), by substituting the proper 
value for n. Thus, for the 5th vertical make n = &. 

If the load be upon the upper chord, in Fig. 79, th6 stress on 
the n-\h vertical is the same as the vertical component of the 
stress on the {n — 1)*^ diagonal tie. Hence, in this case Eq. 
(X34:) gives the stress on the {n + 1)*^ vertical. 
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KoTE 1. — This xeaaoning appears direct, simple, and correct, but it is not 
difficult to raise doubts as to its accuracy in the minds of some. * Thus, in 
Fig. 80, if the joints from 2 to ^ are loaded, the stress on Aa^ al, 16, and d2, 
has been found toheVi SMd; and the yalue of Vi is the sum of all the com- 
ponents of the several weights which are sustained at A, For instance, ^p« 
is supported at A, But the whole of p^ is transmitted through 2b to b. Shoidd 

we not therefore add to the yalue found by Eq. (184) } jps or generally -^ p ? I 

Miy that it would be incorrect to add — ^p. The formula is correct without 

it, for it may be shown that the formula recognizes the fact that all of pa is 
transmitted through 52. I observe, Ist, that if pa were the only load, then it 
would be necessary to add ip^MoB to the reaction Vi iee 6* or to f pa seo ; 
but in this case b3 would be strained as well as bl. The coefficient due to pa on 
^ is 2. I observe. 2d, that p^ produces a stress on (^ of 2 ; and hence the result- 
ant stress on ^ and «2 is zero ; and so far as these two weights are concerned 
they might be removed. The resultant stress on the vertical ^ip + \p=^ %p 
= p, which is the value of p« whenp = pa = p^. So that the formiQa leads 
to the correct result. The addition of the weights p^ and p^ does not affect 
the stress just found ; but these additions add to the stress on b% and c2. 

We state then, generally, that the vertical component of the main brace 
gives the stress on one or the other of the adjacent verticals for any distribution 
of the load eoccept when the counter-broLce in the next pand is strained; in which 
case the vertical component of the stress on the counter-brace must be added to the 
former. 

It is evident that both the main and counter in the same panel cannot be 
strained at the same time by the action of a load. 

The reasoning here given may be made more evident by using Fig. 49. If 
we there add ^ to the result g^iven by the formula for the stress on BO^ we 
shall have |p, for the p at (7, -f\p^ for the ptAD (which togfether make p, which 
is the amount carried at A)j +ip at C for the amount carried at B; making 
Jp to be carried by EG. But it is evident that EC and FB both /jarry only 
2p and hence each carries p. This shows the absurdity of adding the fractional 
part of p which is carried by the opposite support when the counter diagonal 
is not straiued. 

Note 2. — The student may think that in practical cases confusion may 
arise in distinguishing between the Pratt and Howe types, and the position of 
the loading whether it be upon the supported or unsupported chords. But 
computations in such cases are made deliberately, and suitable checks are put 
upon the work ; and if there be any doubt in regard to the proper formula, it 
is better to consider the effect of each weight separately upon each piece of 
the truss, and tabulate the results, as on page 110. In the case of bridges 
— especially rail-road bridges — tLe load is rarely composed of equal weights 
at the joints ; for the locomotive is often two or three times as heavy as the 
same length of any portion of the remainder of the train, in which case the 
formulas previously given are not applicable. They may be used by applying 

* See Trtmiwinfs Bng, Pocket-Book^ p. 97S, indndixig foolriiote. AIm Am, S. B, TSnuni. 
iLpril 17, 1869. 



PANEL SYSTEM. 129 

them to all that portion of the load which is nniform, axid then adding the 
effect of the extra load or loads which are applied at the joint or joints. 

Note 3. — An a check npon the work the problem may be solved g^eometri- 
oally and the results determined by a scale. There axe several ways of doing 
this. One is by the method used in Fig 60. Another is by the method of 
diagrams as developed by Rankine and Clerk Maxwell, and which is illustrated 
in Figs. 40 and 41. The latter method when well understood is easily applied 
and gives satisfactory results. Geometricai methods are exceedingly valoable 
for securing general results, and checking analytical work. They are more 
reliable for g;eneral results than analytical methods, for large errors are less 
likely to happen ; but they are not as precise, for they do not give the nearest 
fraction as certainly as numerical computations do. 

< 

114, — STRESS UPON THE CHORDS. — The maximum stress 
upon all parts of the chords, for equal weights at the joints, 
exists when all the joints are loaded. Eemembering that for 
statical equilibrium the algebraic sum of the moments of all 
the external forces wiU be zero, and we readily find the reac- 
tion F, of the support, Fig. 80, by taking the moments of all 
the weights and the reaction, about the point g. To find the 
internal stress, we may conceive that one of the chords is severed ; 
as, for instance, the bay 3 — 4, Fig. 80, and suppose that an exter 
nal force is substituted for the stress. Then take the origin of 
moments at the point about which the system would turn if the 
stress-force were removed.* Thus, if the bay 3 — 4 be severed, 
the system will evidently tend to turn about c. It will generally 
tend to turn about that joint which is nearer the centre, for a 
uniform load. In this case if dS were in action, instead of (?4, 
it would tend to turn about d. 
Let tn = the stress on the n-th bay of the lower chord (as 
3-4, Fig. 80) ; 
Cf^ = the stress on the n-th bay of the upper chord (as 

cd); 
D = the depth of the truss ; 
and the other notation as previously used. 

For stress on the lower chords we have the following equa^ 
tion of moments : 

V^nl — ^j (ti. — 1) Z — j!>, (n — 2) Z — etc., to n terms. . . 
= tr,D (135) 

* It is not necessazy to take the origin of moments at this point, but by so 
doing the solution is simplified, because it eliminates some of the momenta 
which might otherwise appear. 
9 
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and if jp, = i>, = i>« = etc., we have 

r, =:i(ir-l)i>,aiid 

i (iT- 1) /iZi? - i ?i (n - l)pl = t^D, 
and if the weight of the tniss be included, as it should be, 
we finally have, by reduction, after substituting {p -f- w^) iorjp, 

U = {N- n) n (i? + y^^-^ (136) y^J^ 

in which n must not exceed \ JTfor -flTeven, or \ {N + 1) for ' 
N odd. (If, however, the two central bays 2-3 and 3-4 be 
considered as one, the formula will give the stress on the bays 
from ^ = 1 to n = {N -- 1.) 

Stress on the upper chord, — ^If we call aJ.(Fig. 80) the first 
bay of the upper chord, ho the second, and so on, and calling he 
the 7i-th, and taking the origin of moments at 2, we find the 
same result as in the preceding equation. 

It is well to observe that instead of dealing with the series 
given above for the weights p^^ p„ etc., we may find the total 
value of their moment by multiplying their sum by the distance 
of their centre of action from the origin of moments. 

An analysis of the Pratt System, Fig. 79, gives exactly 
the same formula, if in the lower chord we neglect ^ 1 in 
the count for the number of the bay. Thus, 1-2 would be 
called the first bay. 

It makes no difference in any of these cases whether the load 
be upon the upper or lower chord. 

Hence, in the panel system for a uniform load throughout, 
the stress on the chords varieis as the product of the segments 
into which the span is divided by the joint about which the 
frame would turn if the bay were severed. Fig. 81 is an illus- 
tration of this law. 

Jin = i ^we have for the stress at the middle of the span 

i^-' (137) 

1 15. — ^ExAMPLEa— 1. Let p = Wi = 6 tons (net), Jr= 12, © = 45^ .", 
1= D, Required the stress on each bay of the lower chord, Howe Type* 

From Eq. (136) we readily find :— 

«, = 55 tons; «3 = 100 ; «, = 135 • t* = 180; U = 175 ; «« = 180 
F]i!rt)difl. 45 35 25 15 5 

Be<onddiff. 10 10 10 10 
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2. Beqnued the depth so that the stretn at the middle shall e^ual one-half ^^ « ^ HI 
the total load. Use Equation (137). i/m^/v^; (L^ 1^ 



8. Beqniied the depth so that the stress at the middle shall eqnal * ef 
the total load. ^"^ "ST^ 






4 K { = jD) and p = to^ ; and for a uniform load the stress on the second 
bay is 32 tons \ and on the fourth bay it is 48 tons. Beqnired the number of ^ 

bays and the value of the uniform load.. /Vc / X^mM^ s X U ^ s ^Oi^>^^ ^ 

5. For uniform live and dead loads, the stress on the first bay is 221 tons; />» W,^ 1 Ar^ 
on the second, 42 tons ; on the fourth, 72 tons ; on the sixth, 90 tons ; on the 
eighth, 9^ tons. Bequired the total number of bays, the weight of the Uve azid 
dead loads, the depth of the truss, and the length of one bay. 

Ana Jf = 16, j p = 2 tons, W| = 1 ton, and t = JOL }pii^fi^c/iAf>9%90>jd 

116. — I<OA» CONCENTRATED AT ONB JTOINT. ^If a lood 

jP is concentrated at one joint ; as, for instance, at the end of 
the nrtk bay, and the weight of the truss be also considered ; 
we have, if we count n from the end at which Fi is used : 



F, = i(ir-l)t^7, + 






and the shearing stress on the oo-tii diagonal is 
/S. = T; - (aj - 1) w, = i(ir- 2 flj + 1) t^?, + 






and hence the stress on the o^-th diagonal, for x <n 

^« = Ti (^- "2 « + 1) w, +:?^^=^P I ^^^.(138) 

and for x > nitia 

i^ = ji (iT- 2 aj + 1) t(7, - J.P j seed . . ..(139) 

These Equations raay be discussed in the same way as Equa- 
tion (128), but there is not much advantage in doing so, 
since we rarely have to deal with the effect of a single weight. 
Bridges, in practical cases, are loaded at several points at the 
same time, and it is always on the safe side to assume that they 
are loaded throughout. Still there are cases, especially in long 
spans, in which we may err unnecessiarily on the safe side by 
assuming a load equal, for instance, to a train of locomotives. 
It may be advisable to consider a train as a uniform load equal 
to that of a train of loaded freight cars, and then add the excess 
o£ the weight of the locomotive over that of the freight cars. 
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This being the case, we should have a uniform dead load, a 
partial uniform live load, and a concentrated load, in which 
case the maximnm stress on the n^th diagonal would be 



[ 



(ilT - aj) (ilT - oj + 1) j> + (iT - 2n + l)]}rw, 

+ 2(ir-n) -Pj-or -...(1*0) 

But it may be better in such cases as that just considered to 
solve the problem numerically, for each position of the load. / " 
instead of relying upon a formula and using the fonnula as a 
check upon the work. 

KXAHIPIiES.— 1. A bridge 86 feet long; each bay 8 feet; depth 4 feet, 
weight 1800 Ibfl. A weight of 200 Ib& is placed on the 9th vertical tie. 
Required the strain on each of the braces. 

Here iV = 13 ; sec ff = 125 ; w, = 150 lbs. ; P = 200 ; 

71 =r 9, which sabetitnted in Eq. (188) gives :— Strain on 1st brace, 
1093i R>B. ; 2d, 906i TbB ; 8d,^ 718f lbs. ; 4th, 581i lbs. ; 6th, 343f Ans. ; 6th, 
156i lbs. ; 7th, —31^ lbs. ; hence it is +81^ lbs. on the brace inclined the 
other way from the preceding. As there are six main braces, it appears that 
for this case no counter-braces are necessaiy. 8th, ~218f tbs. ; 9th, —406^. 
Per the main braces beyond the 9th, nse Eq. (139), or we may use Eq. (138) by 
counting from the other end, in which case n = 3, and x = 1, 2, 3. In either 
case we find strain on 10th, 843f R>a ; 11th,' 1031^ lbs. ; 12th, 1218| lbs. It 
will be seen that this series has the common difference 187i, <uid the difference 
of the stresses on braces equi-distant from the ends is 125 lbs. 

2. If JV= 10;7i = 8;P=8wi; where is the vertical force zero ? 
^t/d-2j»4/4/^ '-Xcry Ans.no =7.1. 

\ It N = 10; P = S Wiy where must Pbe applied so that the vertical 
toioe at that point BhsL^ he zeTof^'^^^''^'^'*^*^Uo^>ij Ana. w = 7i 

4. If i\r = 8, required the greatest concentrated load which is allowable 
when there are no counter-braces. Here « = 5 ; iV = 8. ,'. P = 1^ vji. 

Suppose there is one counter-brace ; then 7i = 6, and we find P = 6 «/^i. 

In a similar way we may proceed when there are two or more concentrated 
loads. We would find that for two concentrated loads each equal P, placed 
equi-distant from the ends, that the strain on the braces between the loads 
would be due to the weight of the bridge only, 

1 1 7. — STRESS ON THLB OHLORDS FOR AN UNEaVAI<I<T SIS- 

TRiBUTEB i«o AD. — ^Whon the load is unequally distributed the 
maximum stress may not be at the middle of the span, but the 
actual stress on any bay mav be found by means of Equatior 
(136). 
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118,— MVLTiPLB 8T8TBIII. — ^If In the simple system, for 
a given depth of truss and inclination of diagonals the bays 
would be too long, they may be reduced in length by causing 
the diagonals to cross one or two verticals, as in Figs. 89 and 92. 
Such cases may be analyzed, approximately, as in article 97, or 
more exactly by supposing tibat the truss is divided into two or 
more simple trusses, as in article 99. 
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MINIMnM AMOUNT OF MATERIAL. 



It is hardly possible, by a direct solution, to find all the con- 

^ K ditions for a minimum amount of material in a truss which is 

^H composed of many parts, and all of whose parts are correctly 

to proportioned to resist the stresses to which they are subjected. 

V The reason of this will appear hereafter. We may, however, 

solve some of the more simple cases, and from them derive 

' some important hints. 

11 9, — PROBIiBM.— ^rVEN THE SPAN .AND DEPTH OF A 
PANEL TEU88, IP IS BEQmBED TO FIND THE INCLINATION OF THE 
DIAGONALS SO AS TO 6E0UBB A MINIMUM AMOUNT OF MATERIAL 
IN THE DIAGONALS, THE VEETIOALS AND OHOEDS BEING OF UNI- 
FORM SIZE THROUGHOUT, AliTD THE LOAD BEING tTNIFORM 
THROUGHOUT THE WHOLE LENGTH. 

In the Pratt Truss the diagonals are ties, and hence their 
sections should be directly proportional to the stress to which 
they are subjected ; but in the Howe Truss, the diagonals being 
braces, their section, if they are long <2ompared with their 
diameter, will be a function of their length as well as of the 
stress : see article 21. This fact complicated the problem. 
I^or the sake of simplicity m this problem^ we wiU therefore 
assume that the section of the diagonals is directly jyroportional 
to the stress, 

Referring, therefore, to Fig. 77 or Fig. 79, we 

let L = AB = the span ; 

D = the depth of the truss ; 
JT = the number of bays ; 
I = £ -7- jr= the length of a bay; 
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W^ = the weight of the frame ; 

to^= TTj -i- iT = the weight at one joint of the dead 

load; 
W^ = the weight of the live load; 
p = TT, -f- JT = the weight on one bay of the live 

load; 
Tr= W, + Tr, = the total load; 

= a 1 b = ik9 inclinati(»x of the diagonal to the 

vertical ; 
k = the transverse section of a diagonal ; and, 
T = the modulus of strain, that is, the strain per unit 

of transverse section ; 

Thenj> + «,.= (! + r)^; 

tariff Ntang 

The length of a brace = 2? «^ ^ = -=r=- 

^ Ntang 

The stress on the Tirth brace is, see Eq. (129a). 

i (iT- 2 n + 1) (p + ««?,) «^ ^ = Tk 

:. * = fir- 2 .. + i)if±J^?^ (141) 

Making n = 1, 2, 3, etc., to i JT (observing that for 7» = 1 
{N" + 1) the expression becomes zero, and we have 

A, = (iT _ 1). i£jtJ^ifll 

i _ 1 (i? 4- w.) aeo d 

Smnming this series gives 

s^ = Zl(£+<Lifll (143) 

which, multiplied by the length of a brace, gives for the 
volume^ of half the diagonah in all the trusses^ 

N{j> + w,)L 1^ . 

&T co808m0 ^ ^ 
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idiich is a minimum for = 4t&'^. Hence the minimum 
amount of material in the diagonals for both trusses is 

^__ __- jj __ -J rr -y^ . . . V J-**; 

which, compared with Eq. (Z) article 38, shows that the material 
in the diagonals is the same as that in the rafters of a king-post 
truss having the same epan and same inclination. Observe that 
P Eq. (Z) above referred to equkls i TTin Eq. (144), and T ^ C. 

Note. — This result may at first appear to be inoorzeot, sinoe the rafters of 
the king-post are of tmiform size, while in the panel system the diagonals 
diminish in size from the ends toward the centre. But it should be observed 
that in the king-post both rafters carry only one-half the total uniform load ; 
while the end diagonals of the panel system carry nearly the total uniform ; 
or exactly {^N — 1) (j? + tt?i). One-half the load in both cases on the end bays 
is carried directly by the sux>ports ; but in the king-post this distance is one- 
half the span, while in the latter it may be only a small fraction of the span. 

We may now carry the solution further. If the verticals are 
of uniform size, they must be of the size as the first one. 
Hence, in Eq. (141) make Beo.6 = 1 and t^ = 1 and we find 
for the section of each of the verticals 

i(ir-i)i£^ 

Hence, their volume = i (iT- 1)' i> '2_+J£l. = ^ (iT - 1) 

N T 
which expression diminishes as iTdiminishee ; hence the deeper 
the truss the less the amount of material will be required for 
the diagonals and verticals. The king-post with rafters in- 
clined at an angle of 45° requires least. 

The section of the chords will be, see Eq. (137) 

8I> T" SD T'^ 8 T' ' 



K = 



from which we see that K varies directly as iT, and hence is 
least when IT is least, or equal to 2. In this case the upper 
chord disappears. Hence, considering all the parts of the 
truss, the king-post with rafters inclined 45 degrees requu'es less 
materia] than the panel system. 
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Note. — It does not follow from this that the king-post should in all oaaes be 
substituted for the panel STstem ; for in most cases it would be quite imprac- 
ticable to do so. on account of the great depth which would result. For 
instance, in a 100-foot span the depth would be SO feet 1 

130.— A SBOONB PROBLBIH OF MTHmVW BIATBRIAIi. — 

NEXT SUPPOSE THAT THE DIAGONALS AND VEETIOALS AKB BOTH 
PEOPOBTIONED FOB THE 8TEAIN8 DUE TO A TJNIFOBM LOAD, AS- 
SUMING, AS BEFOBE, THAT THE SECTIONS OF THE PIECES ABB 
PBOPOBTIONAL TO THE STBESSES. 

The stress on a vertical is (Eq. (14:1)), 

hence its volume is i (JT — 2 n -h 1) Ip jg-. ^ * 

Making n = 1, 2, 3, etc., to i J7J and summing the series^ 
and we find that the volume of all the verticals is 

ir(j> + ^:) L 1 
I 8 T 'tang 

which added to Eq. (143) gives for the total volume of all the 
diagonals and verticals 

ir(p + «,.)x f 1 ^ 1 ^ ^j^gj 






+ 



8 T ^8in 008 ' tang 

which is a minimum for = 54° 45'. 

Note. — In pzaotice the diagonals in wooden trasses aze g^eiaJly inclined 
leas than 45 d^rees from the vertical. 

191 • — GBNBRAIi PROBIiBM OF SEI^fllllinil BIATERIAIj. — 

Let there be a permanent dead load and a moving live 
load ; it is required to find the conditions for a minimum 
amount of material in the diagonals, verticals, and chords, 
ihe transverse section of all these parts beectg propor- 
tioned directly as the stresses to which they are sub- 
JECTED.* 

Volume of the diagonals. 

We find the section of the ^th diagonal by means of Eq. 
(128) to be 

r— *- ' 

* This solution was given by William Bonton, claas of 1865, Urm, ofMkh, 
See Jour, Vrcmk. Inst.^ YoL L., 3d series, p. 76. 
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K^ J{J!r- n) {IT- n + 1)^ + (iT- 2» + 1) JTw.Jj |^ 

which, multiplied by the length (Z -r- jPT) -f- sin gives for 
the volume of the TZrth diagonal 



[(iT-. w) (iT- n +l)p + (iT- 2 w + l)irt(?, I 



2jr'T amOcose 



(146) 



The number of diagonals which incline either way is J/^ 
see article 106 ; hence to find the volume of one-half the diago- 
nals, make /i = 1, 2, 3, etc., to ^ in Eq. (146), and take the sum 
of tiie results. Two series will thus be formed, one the coef- 
ficients of J) ; the other of w^< The sum of the series may 
readily be found by the method of differences. The sum wiU 
be 

^ , 'n'(n,'-l), n'(«.'-l)(n,'~2)^ , ,^,^ 
S = n/a + —^2 ^1 + —^ 23 • '^ etc.. .(147) 

in which S = the sum ; 

a = the first term of the series ; 

d^y d^ etc., = the first term of the successive orders of 

differences ; and 
n' = the number of terms in the series = iV^. 

First consider the coefficient of ^. 

Making n = 1,2, etc., in Eq. (146), and we have, 

the series, N {]Sr ^ 1), (iT- 1) {N - 2), (iT- 2) (iT- 8), 
{IT - 3) {N- 4), etc. 

1st Dif. -2N + 2 -2ir + 4 -2ir + 6 

2d Dif , +2 +2 +2 

3d Dif. 

Hence, n' ^N^,a^N {N - 1), e?, = 2 (- JT-f 1) and 
if, = 2. 

.-. 8=^ [iToJr^ir- iT,) -htiJ^o (iv;* - 1)]. 

Second, the coefficient of w^. 
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This becomes negative when we pass the centre, and each 
negative term will cancel an equal positive one ; hence we need 
sum only JT — iV^ terms. 
The series is ir(ir« 1), N {N - 3), ^ (iV^~ 5), iriS- 7) 

Ist Dif. -2iV^ -2ir ^2JV 

2d Dif. 

Adding these results and multiplying by the conunon factor 
the volume ofAaifthe hracet s= 

^ •. (148). 



2iN*Tdn $008 '• 

Volwme of the Vertioala. 

The 



Btress iB,\ {JH" ~ n) {M - n + 1) jp + (JXr - 2 n +1) 



J 27 



The length is, 1) = ^^^ 



. •. Volume of ^th vertical = I (^ — ti) (iT— n + \)p + 



D 



(-y -2 n +1) iT.^; J ^ nr.^^.^_ -T- ••(l*^) 



Z 

|2 N^TtangB 

Summing the series as before from n = 1 to ti =.\ (iT — 1) 
(for N odd)y and we have for the volume of half the vertiodls, 

h iT (iT* - 1) Cp + w,) +^ (iV^ - 1) (i (iT - 1)' ^1) ^ J 

2 J!f'T tang d ^^^^^ 

If iV' is even, we sum the series from n =^lto n =i JVy and 
deduct one-half the volume of the middle vertical, the value of 
which may bo found from Eq. (149). This done* and we find 
for half the volume of the verticals when ^ia even 
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Yolv/me of the Chords. 
The stress ou the 7^-th bay of the upper or lower chords is 
\{N -^nijp -^r w,) tang (152) 

The limits of n are from w. = 1 to t^ = ^ iT f or the lower 
chord, and from n = 1 io ti := ^ (JUT — 2) for the upper chord 
when N is even; and when iTis odd the limits for both chords 
are n = 1 to n = 'Jf {N -- 1) by omitting half the central bay in 
the lower chord and including it in the upper, as we may do 
since the stress is the same in both. In either case, the sum of 
the series found by making /i = 1, 2, 3, etc., in (152) multi- 
plied by Z = -n^ and otherwise reduced is 

\N'{N'^l){jp+w,)^^tangd (153) 

Hence, the jtotal volume of half the truss is the sum of (148), 
(150) or (151), as iTis odd or even, and (153), or 



((foryodd)3l^il^(i\r«-l)(p + wi) + l-6(JV-l)(J^(jr-l)«-l)|>»_l__ ' 

'^1(forJVeveu)^iir«(j> + ii7i) + l-84JSr[jr(,y-8)-10]p \tcmg9 

+ 1-6 N^ (If - 1) (p + toi) tang 

which is to be a minimum. 



ftN^T 



(164) 



\\i 



[y iTo (jf - jvi) (p + wi) +>i jBT, (jr.« - Dp] (aw^ « - 1) l 

jCforJVodcD^jvcj^ra-iXp+wO + i-ecjv-ix^CJV-D^-Dpi I 

-1(foryeven)3i^i^(p + wi) + l-84Jf[iir(JV-8)-10]p f T -''••• -^^oo' 

+ l^in (i^«- 1) (p +wi) tang « « J 

from which tang may be directly found. 

Example. — Let p = Wi and iV = 10. Then, aocording to the table us 
article 108, ^« = 6. These values in Bq. (155) give tcmg^ d = 0.27916 .% o = 
27* 50'. 

We shall also have I = 0.528 i> and £ = 10 { s 5.28 D .\ L -i' D ^ 
5.28. In this way the foUowing taUe la formed. 
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TABLE 

Showing the mcHmaHonqf the diagonaU and the ratio of the 
length to the depth in, the Panel System for a Mmimv/m 
Amount of Material^ the load being on the lower chord. 



Yaluu or 


i>=0. 


pss Wl 


p=2un 


p 


N, 


B 


L 
D 


B 







L 
D 


$ 


L 
D 


8. 
4. 
6. 

6. 

7. 

8. 

9. 
10. 
12. 
16. 
20. 
80. 
40. 
60. 


89*18' 
87*04' 
84*11' 
82*86' 
80*48' 
29*28' 
28*06' 
27*10' 
26*16' 
23*05' 
20*80' 
17*07' 
15* 16' 
18*33' 


2,448 

8,020 
8,895 
8,834 
4,158 
4,620 
4,806 
5,180 
5,664 
6,390 
7.480 
9,240 
10,920 
12,060 


89*36' 

87*08' 
84*60' 
82*42' 
81*28' 
80*04' 
28*61' 
27*60' 
26*24' 
28*61' 
21* 12' 
17*88' 
16*89' 
14*26' 


2,481 
8,020 
8,480 
8,852 
4,284 
4,632 
4,959 
5,280 
6,700 
6,630 
7,760 
9,640 
11,200 
12,460 


89*42' 

87*01' 
86*02' 
83*18' 
81*40' 
80*12' 
29*10' 
28*06' 
26*17' 
24*08' 
21*80' 
18*08' 
16* 61' 
14*26' 


2,490 
8,016 
8,606 
81980 
4,819 
4,666 
5,022 
5,840 
6,928 
6,720 
7,880 
9,780 
11,660 
12,860 


89*54' 
87*21' 
85*88' 
88*49' 
82* 13' 
31* 06' 
29*59' 
28*54' 
27*07' 
24*59' 
22*18' 
18*60' 
16*86' 
14*25' 


2,608 

8,05? 

8,585 

4,020 

4,410 

4,824 

6,198 

6,620 

6,144 

6,890 

8,200 

10,230 

11,920 

12,960 



1J{J{^ — MlNraVini nATERIAIi IN A POST ANB TT^for CO/T' 

rying a given weighty when the distance between their lower 
ends is constanty and the distajice from the vertex to the lower 
chord is gioen* 
In the transmission of strains we have seen that the vertical 

component of stress is constant between 
two loaded joints. Let abc be one of 
the triangles of a truss, ah the bay, ho 
the tie, and a^ the post, and no load 
at a 
Let Z = aJ = the length of a bay ; 
l^=z ac =: the length of the post ; 
D^=^ cd =2 the depth of the truss; 
P = the vertical stress at h which 
is to be transmitted to a, and so on, to the support ; 
X = ad\ y z=i dhy and 

8 =the weight of a unit of volume of the tie. 
The post ac is supposed to be so long that it is in danger of 
bending. Suppose that the ends are rounded and that it is 




Fio. 83. 



\ 



p ^ 



MINIMUM 1£ATBBIAL IN THE PANEL SYSTEM. 141 

made of solid cast iron. Then, according to article 25, its weight 
will be 

0.023926469 (P' Z ^-/'^ ^ g (P' /,••"•) ^'^ 
in which P' is the pressure in the direction of the length of the 

Vj/ 4- of 

post, and equals P sec. acd = P j; and d is the constant 

coefficient. The length of the post will be l^ = -/-^ + a?' •'• ^i*'** 

s.gg 

=s (i?* + a^ Hence, the weight will be 

"K ir~ ) 

The stress on cb will be P «^. A?i ; its section, JST = ~ — ; 

its volume = ^ x J) sec. deb ; and its weight = 

SPD 8eo.'d eh_ SP(i y + ^ _ S P {I^ + {I - x)") ^ 

the total weight of both pieces will be 

. (P^pTl)^ ^APl^it:^ (156) 

which is to be a minimum. It may be put under the form 
^1^' (1 + tangle)' + f^- tmgOy + 1 . .(157) 

in which tang = -j^-. 

Differentiating Eq. (156) and placing it equal to zero, and it 
gives 

This cannot be solved in finite terms. We may, however, foi 
known ^alues of the constants find the value of a? to any degree 
of app]*oximation. We may also deduce from it some general 
facts. 
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The tangent of the inclmation of the poet is -^ = tang 
or 

fry /"J 1 "HS ' f A H 

pT.ff 

It appears from this : — 

1 8t, That the inclination of the post for minimum material (and 
hence of the tie), is dependent upon the stress to be transmitted, 
the depth of the truss, the modulus of tenacity of the tie, the 
length of the bay, and the weight of a unit of the material, 
unless the weight per unit of the post and tie are the same. If 
tliey are the same, 8 may be cancelled. As the formula now 
stands, S in the first term is included in the coeflScient c, 

2d, No sirnple relation exists between the inclination and 
the otter known quantities for minimum material. 

3d, We know in practice that the weight of the post is much 
greater than that of the tie ; hence we find, ajyproodmatelyj the 
proper inclination by neglecting all but the fii^t term. This 
done and we have tcmg = 0, and tang^ ^ = — 1, or tang = 

+ '^— 1. The latter value being imaginary is inadmissible. 
The former value shows that ihejposts should be a vertical. If 

the posts are vertical, the other terms give tang ^ = -=, as they 

should. 
4th, Suppose that tang is very small. Then the term (1 + 

tang^ 0) i8» will somewhat exceed unity. Suppose as a second 
approximation that it is unity , and we have 

ta^ = 






^V 



229 c TD^^ 

since 2 S 7? will be small compared with the other term of the 
denominator, and may be neglected. . Hence, approximately, the 
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tangent of the inclination of the poBt for minimum material 
varies directly as the length of the bay, and nearly as the square 
root of the vertical stress, and inversely nearly as the depth, 
since the exponent of D is nearly unity. 

5th, When I and D are constant, it appears that the inclina- 
tion of the posts increases as JP increases, and hence for mini- 
mum material should be more inclined at the ends of a truss 
than at the middle. 

Example.— Let D = 18 feet 9 inches, { = 12 feet 6 inches, P = 62,000 
lbs., i = S lbs. per inch of section and one foot in length, T = 10,000 lbs. and 
e = 0. 028926469. Beqnired the inclination of the post for a miniTiinm amount 
of material. 

. • . Eq. (167) becomes 

0.0239264 69 x 10,000 x 18.75*** . ^ , ^AH ,, , ^,, . 

8 X 62,000^**^ 

We have log. 0.023926469 = 1.3788786 

log. 10,000 = 4.0000000 

Ht log. 18.75 t= 1.1494735 

log. 3 ar. CO. = 9.5228787 

H log. 62,000 ar. co. = 7.7567524 

log. 6.42663 = 0.8079832 

Hence, the expression becomes 

6.42668 (1 + tanf e)?^* + (5 - tang 0)^ + 1 

If tang = 0.00, the expression becomes 8.09329 
tang » = 0.03, the expression becomes 7; 90246 
tang = 0.04, the expression becomes 7.83185 
tang 9 ^ 0.05, the expression becomes 7.54871 
tang > = 0.06, the expression becomes 7.77841 
tang 6 = 0.08, the expression becomes 7.82091 ; 

from which it is evident that the minimnm is for tang B = 0.05 nearly ; or fof 
fl = 2** 52' nearly. 
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1J83. — liONO's TRUSS. — One panel of the Long's Truss is 
shown in Fig. 84. This is one of the earlier wooden bridge 
trusses of this country.* The upper and lower chords were 

♦ See J(mr. Frank. Inst, Vol. V., 3d Series, p. 231, for a diagram, and 
claims of the patentee. See also Am. Jour, of Arts and Soienee, YoL 
XXXVm., p. 202. 
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composed of small stringers AAA which were spliced, when a 
single piece conld not be obtained which would reach the whole 




Fig. 84. 

length of the bridge. The vertical posts (which served as ties) 
were double. The manner of securing them to the chords 
is sufficiently evident from the figure. The keys 7^7^ were to 
force the posts against the main brace G, The main braceE 
were also double, and so placed as to leave a small space be- 
tween them, through which part of the counter-brace D 
might pass. The manner of securing the main braces is 
also sufficiently evident from the figure. The lower end of the 
counter-brace i>, rests upon a block /, which is secured to one 
of the posts JBy by pins or in any other convenient manner. A 
rest is thus formed for part of the main brace, and the remain- 
ing part bears, by means of a shoulder, directly against the post 
£. The upper end has a shoulder for bearing against the post, 
and the whole is brought into bearing by a wedge (or key) i7, 
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which is driven between the upper end of the counter-brace and 
the upper chord. These trusses may have served a good purpose 
in their day, but they are no longer in demand, since the exten- 
sive use of iron makes other forms more desirable. This truss 
is of the " Howe Type," and the scientific principles connected 
with it will be sufficiently discussed in the following articles. 




FlQ. 85. 



134. HOUTE's TRUSS. — ^Thc general form of Howe's 
Truss is shown in Fig. 85.* The diagonals are wooden braces, 
and verticals are iron ties. We have taken this as one of the 
^•TTPE FORMS." As usually con- 
structed the main braces are 
double, as shown in Fig. 86, and 
of uniform size throughout the 
span, and the counter-braces are 
of the same size, and placed be- 
tween the main braces, and the 
chords are also of uniform size 
throughout the span. One of' 
the marked features of this truss 
is the use of blocks which are 
placed between the ends of the 
braces and the chords. The 
vertical tie rods pass directly 

through the blocks and chords, being secured at one end by a 
nut, and at the other by a head, or at both ends by nuts on the 
rods. Such are the general features of the truss, which will 
now be considered more in detail. 




Fio. 86. 



♦ J<mt, Framk, Inst, Vol. HI., 3d aeriea, p. 289; also Am, Jour, of ArU 
and Seienoe, VoL XYIII., p. 123. 
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135«— MAIN BRACES. — The main braces being all of the 
8ame size, their dimensions will be determined so as to resist the 
vertical stress at the ends. Hence if 

^ = the section of all the braces at one end for all the 

trasses, and 
C = the modulus for crushing, 

and we assume that these braces will not bend, we have directly 
from Eq. (129), 

BecQ ^\ W 8eo0 nearly (159) 

The expression J TT*^ 5 is on the safe side. But as we no 

longer consider the parts as reduced to rigid right lines, and the 

oints perfectly flexible, as was done in the preceding articles, 

we must consider what effect finite pieces and rigid joints will 

have upon the formulas. 

It appears that rigidity cannot cause any greater stress upon 
the end braces than that due directly to the full loading, and if 
it has any effect it will diminish the stress. It seems evident 
that the effect of rigidity in the chords will be to diminish the 
stress on all the other diagonals and verticals, for if the chords 
were sufficiently rigid they might carry the whole load. As it is, 
they may carry a part of it. The transverse sections of the chords, 
diagonals and verticals are so small compared with the length 
and depth of the truss, that they can have no perceptible 
effect upon the formula. Equation (128) is therefore on the safe 
side. The longitudinal stress upon the chords is not increased 
in amount by the rigidity, but the tendency is to produce a 
little more stress on the fibres on the upper side of the upper 
chord and lower side of the* lower chord than the average 
stress ; and hence a somewhat less stress on the fibres on the 
opposite side of the chords. In short they will resist some- 
what like beams. There will be a slight transverse shearing 
stress, depending chiefly upon the amount of deflection of the 
tmss. On the whole, the formulas for the stress upon the 
chords are considered safe. 

There would be a saving of timber if the braces were pro- 
portioned according to the stresses, but as timber is compara- 
tively inexpensive, and as it would cost extra in time and labor 
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to make the braces of different sizes, it is deemed inexpedient to 
do so. Indeed, in all wooden structures the tendency is to be 
lavish with timber rather than saving, especially when there is 
any question about the strength. 

IftB. — couNTKa-BHACKS. — The stress on the counter- 
braces is greatest at the middle of the span, and is found by 
making n = ^ {Jf + 1) in Eq. (128). Hence, the greatest 

iV* — 1' 
stress on the cx)unter-braces is — ^^^^—iP secO =. ^ Np nearly. 

This is the case when the number of bays is odd. in which case 
both the braces in the middle panel nxa/be considered as main 
braces. If the number of bays is even, make n = ^ ilT + 1 in 

Eq. (128), and it reduces to I J (ilT — 1) i> — \ v^^ h^ ^> 



[ 



which is less than ■§■ JT^. Using ■§■ Jfp as the limit which it 
cannot exceed, and comparing it with Eq. (159), and we have 
maximum stress on counter-brace ■§■ JT© 

maximum stress on main brace ^ (iV — 1) (i> + ^i) 



P 



nearly (160) 



4c(jp -hw,) 

The value of this fraction is always less than one-fourth ; hence 
the counter-braces need not be one-fourth as large as the main 
braces. In practice they are made more than twice as large as 
is necessary, since the counter is usually the same size as the 
main, and there are half as many of them. In Eq. (160) if 
w^ = ip, the fraction becomes ^ ; if t^i = i i>, it becomes -J- 
(and this might be considered 2^ practical value) ; if ^^ = p^ it 
becomes -J-. It has also been shown that counter-braces are not 
needed in all the panels, and that the effect due to the stiffness 
of the chords makes a still less number necessary. It would be 
an improvement in strength if counter-braces were placed in 
only a few of the central panels, see article 125^ and that in all 
the others they were entered as main braces. Placing counter- 
braces in every panel, including the end ones (as is usually done 
in practice), seems to be without any good reason. 

It is said by some that counter-braces may be used to increase 
the stiffness of the structure. In regard to this we observe firet^ 
that if both mam, and counter are strained at the same time, it ia 
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not due to the loading, bnt to some pecnliarity in the constmction; 
or to some artificial process. For instance, if a key is driven 
between the ends of a main brace and the block at the foot of 
it, it will tend to elongate the diagonal of the rectangle in that 
direction, and to shorten the diagonal in the direction of the 
connter-brace, and may thus induce strains on both at the same 
time. The same result would be secured by making both 
braces a little too long and . forcing them into place ; or by 
keying the coimter instead of the 9nam. The direct effect of- 

137. — KEYING TUB oocJNTEK-BBACE is to retain perma- 
nent strains upon both braces. If a uniform load is placed 
upon a truss, the immediate tendency will be to relieve all 




Fig. 87. 

the counters^ as in Fig. 87. If now all the counters are keyed, 
by driving a wedge between the ends of the braces and chords 
so as to fill the space which had been left vacant, and then the 
load be removed, the truss will immediately seek to regain its 
original form, and in doing so will bring compression upon the 
counter-braces, while compression still remains upon the main 
braces. If the counter-braces and keys were perfectly non- 
compressible^ the same compi^ession would exist in the main 
braces when the load is removed as when it is on. If this were 
the case, the only effect of putting the same load on as that for 
which it was keyed would be to relieve the strain upon the 
counter-braces, and there would be no increase in the deflection. 
But the counter-braces being compressible, they will yield some- 
what under the reaction of the main braces, and a portion of 
the deflection which was caused by the load will be regained. 
As the greatest slope due to the deflection will be near the ends, 
where counter-braces are not needed, it appears that but little 
is gained in stiffness in this way, and if counter-braces are put 
m the end panels for the purpose of producing stiffness, they 
wiU fail of their object, unless they are so thoroughly keyed as 
to produce constant and heavy strains upon the other parts. 
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In order to key the counter-braces so as to be in bearing for 
a passing load, they should be keyed at the forward end of the 
load, as it passes on until it reaches the middle, and then the 
keying should be done at the rear end of the load as it passes 
from the middle to the end. Keying the counter-braces in this 
way seems to be of very doubtful utility. 

1 38. — CAMBBRING is causiug the truss to be slightly arched 
upward. A bridge thus formed presents a better appearance 
to the eye than one with perfectly straight chords. It may be 
accomplished in various ways. Having determined the proper 
length of the main braces for straight chords, if their length 
be slightly inoreasedy beginning with nothing at the centre, and 
increasing gradually towards the ends, any desired camber may 
be secured. This will give an arch-form. If they are increased 
in length in the opposite direction, it will tend towards a pointed 
form. Making the end verticals slightly shorter than the 
middle ones, will produce the same general effect as the former 
mode, for it forces the rectangle into a rhomboid with its longer 
diagonal in the direction of the main brace. A similar effect 
may be secured by making the bays of slightly different lengths. 

There is no rule for determining the amount of camber, but 
it should evidently be such that the heaviest loads will not 
bring the chords to a horizontal. 

139. — THtB BiiOOK at the ends of the braces should have 
its faces at right angles to the line of the brace. To accomplish 
this is more of a problem than at first appears. We have given 
a = the clear depth of a panel ; 
i = the clear width of a panel ; and 
c = the thickness of the brace, 
to find the base and height of the block so that the hypothenuse 
shall equal <?, and at the same time have the hypothenuse 
perpendicular to the line of the brace. 

If y = the depth of the block which rests against the side a, 

I find 

4 y* -. 4 ay* + (»• + y - 4 c") y" + 2 a c» y = y (?• - 0* 

which is a complete equation of the fourth degree, and its 

solution is impracticable. Practically the faces of the blocks 

may be wider than the depth of the brace, and perpendicular id 
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the diagonal with the panel, in which case the brace mav be 
parallel to or coincident with the diagonal. 

In the cheaper structures the blocks are made of wood, but in 
more important ones they are made of cast iron. 

The depth to which the block should be let into the chords 
depends upon the horizontal component of the push of the 
brace, and hence should be greater near the ends. No theoreti- 
cal rule can be given for this case, but it is found in practice 
that a small depth, from one-fourth of an inch to an inch in 
depth, is sufficient. 

To prevent the block from crushing the chord, an iron block, 
or hollow cone, or other suitable piece, is placed between the 
block which is on one side of the chord, and the washer which 
is on the other side, so that the vertical stress is transmitted 
directly to the vertical tie without pressing upon the chord. 
When the chords are made of several parallel pieces, this iron 
piece may pass between said pieces. 

130. — THB TBRTioAii TiB-RODs being made of iron, it 
will generally be more economical to proportion them according 
to the strains than to make them of imiform size. When they 
are long, it will be best to have a washer and nut at each end, 
instead of having a solid head at one end. The thickness of the 
nut should at least equal the diameter of the rod. It is a good 
plan to so enlarge the ends of the rods, that the diameter shall 
equal the body of the rod,^^ twice the depth of the threads. 

131. — TMB CHORDS. — ^The chords being made of uniform 
size throughout their length, their dimensions must be deter- 

mined from the stress at the middle, which is ^ — tt-- Of 

course there is an excess of timber in the chords in all but the mid- 
dle panels, but there is generally no economy in reducing them. 

For long spans they are built up of short pieces so placed as 
to break joints, or by splicing the joints, as shown in Fig. 26 a, 
or in some other suitable manner. 

138.~P»ATT»s TRUSS. — In the design of Pratt's Truss 
the chords were made of wood and of uniform size throughout, 
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the verticals were also made of wood, and all of the same size 
and the diagonals were iron rods, as shown in Fig. 88.* 




Fig. 88. 

The analysis of this truss is the same as for Howe's Truss. The 
chords should be of the same size as for Howe's ; the vertical 
posts may be smaller than the braces in Howe's ; but the iron 
rods must be larger than the iron rods in Howe's. This may be 
the principal reason why, in wooden structures, the Howe Truss 
is so much more popular than Pratt's. The latter, however, is 
a good form, and in iron structures is much to be preferred to 
Howe's, as will be seen hereafter. We have used this ae 
another " Type Foem." 

The details of the Howe Truss — such as the use of blocks, 
depth of notches, etc. — are sufficiently suggestive to guide the 
engineer in the construction of Pratt's. 




Fia. 89. 

133. — 'WHippiiE's TRUSS is composed entirely of iron, in ^^ 
which the verticals are posts (or struts) and the diagonals are 

ties, as shown in Fig. 89, hence it is of the PrattType. This 

^ - 

* Yose^s '* Handbook of Bail-Boad OonfitaructioiL*' 
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IB one of the earliest iron bridges of this country. Here we see 
for the first time the omission of counter diagonals. It is 
quite probable that in practice, in a bridge of the nmnber of 
panels here shown, that one or more counter ties each side of the 
centre would be necessary, or at least advisable ; but I have 
omitted them on pm*pose to make the application of the prin- 
ciple more striking. It has been frequently observed in the 
preceding pages that long pieces subjected to compression are 
liable to bend, and that in such cases their strength is not 
directly as their section, hut varies as some jpower of their 
lengthy while the strength of ties varies directly as their section. 
For this reason it appears evident that for economy the verti- 
cals should hQjposts^ and the diagonals tiesj in iron structures of 
this kind. 

Mr. Whipple's trusses were double, that is, each long diagonal 
crossed two panels. Mr Whipple so made the posts of his 
trusses that the tie-rods could pass through the middle of them, 
and at the same time he trussed the posts by iron rods in such 
a manner as to prevent flexure. The upper chord is usually 
made of hollow cast-iron tubes, the length of which equals the 
length of a bay. The lower chord he made of links of wrought 
iron, as shown in Fig. 90, which passed over cast-iron blocks. 
There was a cast-iron block at the foot of each post. 

Since Mr. Whipple designed his truss there have been many 



Fig. 90. 

others constructed upon the same general plan, but which diffei 
from his in the details. For instance, see Jones' Truss,* 
Murphy-Whipples'jt Linville's Truss.:]: Sometimes these 
trusses have a vertical end post instead of an inclined brace, as 
in Fig. 89. There is a design of such a truss by J. H. Lin- 
ville, in the Jour. Frcmk. Inst,^ Vol. Iviii., 3d series, p. 9 (1869). 



* Sdenttflc Americcm, YoL iz., dd series, p. 193. 

f Col. MerriU^s work on Iron Truss Rail-Road Bridges. 

X Jour. Frank. Inst^ YoL lyii, 8d series, p. 89 (1869). 
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Fig. 91. 



The lower chords of some of thes^ trusses are composed of 
a succession of links which lap past each other, and which are 
connected by a pin passing through an eye 
near their ends. The end of one such is 
shown in Fig. 91! 

The pins which pass through the ends of 
the links resist shearing on both sides of 
the link ; hence it would seem that the 
cross-section of the pins should equal one-half the cross-sec- 
tion of the links ; the heads of the links being enlarged so 
as to equal the section of the body of the link. But experi- 
ments show that the strength of the eye depends directly upon 
the bearing surfaces. Experiments were made upon the links 
of Mr. Vignol's suspension bridge over the Dnieper, at Kieff, to 
determine the proper proportion for the eyes of the links and 
connecting pins, the results of which were given in a paper by 
Sir Charles Fox to the Eoyal Society, of which the following is 
an extract.* ^ 

" The links were twelve feet long from centre to centre of pin- 
holes, and ten and a quarter inches by one inch throughout the 
part between the eyes. The heads were one inch thick and 
sixteen and one-half inches in diameter. At first these were 
pierced with holes four and one-half inches in diameter for the 
reception of the pins, thus giving the latter 15.9 square inches— 
or more than 1^ times the smallest sectional area of tlie links, 
yet experiment showed that the heads would fail before the 
links. The heads were torn across and the metal bulged out in 
the direction of the strain. The head was then increased in size, 
but the result was substantially the same. The pin-holes in one 
of the original links having a head of sixteen and one-half 
inches in diameter were then enlarged, so as to give a semi-cylin- 
drical bearing surface of 9.4 square inches, instead of 7 square 
inches' as in the former case, and the strength was increased 
from one hundred and eighty to two hundred and forty tons, 
notwithstanding the diminution of the metal in the head. 
Subsequent experiments showed that the diameter of the pins 
might have been still more increased with advantage; the 



* Jour, Frank, Tnst,^ Vol xllii., 8d series, p. 107. 
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beat proportions appearing to be thoee which 
iaring surface about equal to the least 
[ area of the linka. Sir Charles Fox 
e that it is best to make the bearing 
slightly in excees of the proportion 
itioned, and he thus gets, for the pins 
ineion chains, the simple rule " that 
neter ebould equal two-thirds the 
if the body of the links." 
rule gives for the hole an exocss of 

for large jwn*, and a lack of strength 
ill ones. lu the former case the 
Y be made hollow; and in the latter, 

of the pine must be computed, and 

ex(;es3 of bearing s\irfaee. 
itermiiiing the proportions of the 

eye through which the pin passes, 

be remembered that the strain is 
ormly distributed, the strain on the 
.rt being more severe than upon the 
nilar to the strain upon a cylinder 
1 to internal pressure. (See Resist- 
Materials, p. 26.) From the ex- 
ts made above, Sir Charles Fox esti- 
at the sum of the width of the two 

the eye should be about ten per 
later than the width of the body of 

both being of the same thickness 
)ut. But when circumstances will 
t is better to increase the thickness 
ye. " A rule for the size of eyea 
IS been much used, and which gives 
^d results, is to make the outside 
■ of the eye equal to twice the dia- 
: the pin, and then to inci'eaee the 
i nntil the requisite sectional area is 

^u vi/mpute the strains on these trusses, 
we conceive that they are divided into two 
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(or more if necessary) simple trusses and compute for each 
separately, and then combine the two results. This will be Yj^ 

illuatrfttftd hv tJie follo^nor fiTATnnlA. d' ^ 



illustrated by the following example. 

134* — ANAIiTSIS OF THE DOUBI«E PANEI« ST8TEM AS 

SHOHTN IN FIG. 92. — As the end members are vertical it may 
be called the Linville Truss. It will require a little moi-e 
material than Whipple's, which is of the trapezoidal form, 
because in his truss die members AB^ Ahj WV, and Wv^ will be 
omitted, and the weight of the long end braces will be but little 
more than the vertical posts aA and v V. In other respects 
the computation will be the same in the two cases. 

Assume that the weight of the truss is 210,000 lbs. Also 
let 

Span av = 200 feet = Z 

Depth of truss 18 feet 9 in. = 2> 

Length of a bay = 9^ feet = I 

Number of panels = 21 = ilT 

Panel weight of one truss = 5,250 = w 
Panel weight of live load = 13,64.^ = p 
Inclination of the ties, = 45° nearly. 

The weight of the truss is intended to be only that part of it 
which produces strains, and hence excludes the end posts and 
one-half of the end bays. This weight is assumed to be uniform 
over 20 panels, and as there are two trusses, the panel weight 
is 5,250 lbs. 

THE CHORDS. 

The maximum stress on the chords is produced by the total 
live and dead loads. To find the stress on PO ior instance, we 
find it on OQ for the simple truss Oo Qq Sa Uu Vv ; and on 
JV^P for the simple truss JVh Pp Rr^ etc., and add the results. 

A slight ambiguity arises in these cases, because if the loads 
be considered concentrated at the joints, and equal at each joint, 
they will not be symmetrically placed in reference to the centre 
of the truss, and hence the support at a will carry a little more 
than half of the load on the partial truss aA^ J, J9, f^ etc., and 
the support at w will carry the same portion of the load on the 
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other paiiial tniSB. But it simplifies the case considerably to 
suppose that each one sustains one-half the load for each partial 
truss, and I will so consider it in regard to the strain on the 
chords. For the sake of simplicity we will call the inclination 
of the diagonals 45 degrees, although it differs slightly from 
that. This will be equivalent to calling 21 = I). These 
approximations will make the stress upon the chord somewhat 
less than an exact analysis, perhaps 30 or 40 lbs. less. 

For the partial truss Ww TJu Ss, etc., let Fj be the reaction 
of the support at w, and i7| the stress on the chord. 

The load will be 10 {p -f w,), 

. ' . V^ = & (j> -h w^y and taking the origin of moments at^, 
we have 

23 

.". S^^ -^ {p + w^) = stress on PB. 

For stress on N P^ take the origin of moments at o. 

.\S,D= V,x Sl-^ip -\- w,) X 4:1 

28 
.*. n^ = -^ {p -{• w^ = stress on O Q. 

.'. Stress on ^P = 2r, + 5; = 5 (j) + wX 

In a similar way we find the strains on all the other bays. 
The results are entered in the following table. 

To find the weight of the hollow pieces (columns) which 
form the upper chords, assume that the ends are round, the 
column long and cylindrical, and the thickness ^ of the exter- 
nal diameter. (Any other thickness might be assumed.) Then 
if we use ji/oe times the stress for safety, we may find, as in 
article 25, that 

Weight = 0.00459961 (5 x 8tTe%%f^ x (length) ^ * 

= 0.01082713 {stressf-^ x {len^hy-^ . . .(161) 
(log. 0.01082713 = 2.0345136). 
By means of this formula the weights in the following tablo 
have been computed. 

* See also CoL MerriU's Iron Truss Bridges for BaU-BoadSy p. 61. 
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Hence, for one-half of the truss, we have the following 
results : — 



Piece. 



Maximum Compbbssion ok XJfpbb Ghobd. 



liBa 



W V 

V U 

U T 

T S 

S E 

B Q 

Q P 
P O 

O ^ 

N M 

ML 



_15 

2 
28 

2 

2 
87 

2 
48 

2 

47 

2 

2 

C8 

2 
55 

2 
55^ 

2 
65 

2 



{j> + t^, 

{p + ^1 

(P + t^i 

(i> + ^1 

(i> + W^ 

{p + t^?, 

(^ + ^1 



141,675 

217,235 

292,795 

349,465 

406,135 

443,915 

481,695...; 

500,585 

519,475 

519,475 

519,475 (half of) 



Total 



Weight 

IN 
LBS. 



435 

547 
640 
705 
761 
798 
834 
851 
868 
868 
434 



7,741 



The stresses upon the lower chord are found in the same 
manner, observing to take the origin of moments at the proper 
joint of the upper chord. 

The weights of the pieces are found from the formula : — 

TTT . 7 . __ 5 X stress in pounds x length in feet 
We^M — . 18,000 

stress in pounds x length i/nfeet 

"" poo 

This is far a factor of safety dtfice. 
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In this way the following table was computed :— 




V u 

u t 

t 8 

8 r 

r q 

q p 

p o 

n 
n m 
m I 

1 k 





5 

2 
15 

2 

81 

2 
87 

43 

2 
47 

2 
51 

2 
58 

2 
65 



(i> + ^i) = 47,225 

(P -h w,) = 141,675 

{p + w,) = 217,235 

(i> + ^i) = 292,795 

(> + wj = 349,4:65 

(i> + ^i) = 406,135 

(i> + ^i) = 443,915 

Ip + w,) = 481,695 

Ip + 2^0 = 500,585 

Ip + 2^j = 519,475 (half of) 



Total 



Weight 
m 

LBSL 



125 

380 
575 

775 
920 
1,074 
1,174 
1,274 
1,324 
687 



8,308 



THE TIES. 

' A slight ambiguity also exists in regard to the stress on the 
ties, but I have assumed for the dead load that it is zero at the 
centre, and increases uniformly to the ends ; but for the live 
load I assume that the weights on each of the joints are equal 
to 13,640 lbs. 

The former hypothesis makes the stress on the end ties (5-d:), 

5 w^ 860 0y instead of -^ w^^ sec 0. 

For a maximum stress on the main ties the load must extend 
from the tie to the remote end, and for a counter tie, from it 
to the near end, as has been shown heretofore. The method of 
determining the stresses is sufficiently evident from previous 
explanations. The weights of the ties are determined from Eq 
(157). The results for one-haL£ the ties are given in the follow- 
ing table. 
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I1B& 



A 
d B 

e G 

fl> 

g E 

h F 

i G 
k H 

1 I 
m K 
n L 
M 
p N 

qO 

r P 

« Q 
t R 

V 8 

V T 



y2« 

21 ^ 

^P 
21 -^ 

V 21-^ 

21-^ 

21^ 

21 ^ 

21 -'^ 

» P 
21 ^ 

21-/^ 
12 ^ 

1^ 

21 



+ 
+ 
± 
± 



= ( 



i> 



+ 6«;,| 
+ 5 w, 

+ 4 M, 

+ 3«», 
+ 3w, 
+ 2W, 
+ 2«, 

to,' 

0' 
0' 

w, 

— 2«>,' 
-2W." 
-3w.' 
-3w.' 

— 4 w. 



X 
X 



4 vj; 

X V * 

X 'v/T 

X •/"»■ 

V- 

X V » 

X V"*" 

X -^T 
X •/T 
X ■\/~% 



= 109,228 

= 129,247 

= 112,365 

= 104,312 

= 88,407 



X 

« 

X 
X 
X 
X 
X 
X 
X 
X 



1 X V 2 = 



72,999... 

66,285... 

69,84:9... 

46,004... 

40,490... 

27,556... 

22,999... 

10,917.... 
7,272 . . . 
Negative. , 
Negative . . 
Negative. . 
Negative . . 
Negative. . 
Negative. . 



Wbioht 

IN 
LBS. 



636 
952 
828 
768 
651 
538 
483 
441 
339 
299 
203 
169 
81 
54 



Total 



6,442 



The YerticaL Struts. 

The vertical component of the stress on the struts is the same 
as for the ties, as has been before shown, and hence the general 
expressions are given in the parenthesis of the preceding table. 
Their weights are computed from Eq. (156). The results for 
half the struts are given in the following table : — 



^. »iU_ . 
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FCBCS. 



ILumnnc Ookpbkbsion on Tax Pobt& 



LBS, 



a A 
h B 
e O 
dD 

' e E 
f F 

hH 
i I 
TcK 
I L 



= 10^? + 

= -IP + 
= ■i-i' + 

Total = . . 



10 «> 
4 w 
4 w, 
Zw 
Zw 
2 to 
2w 
w 
w 








188,900, 
79,457 
73,621 
62,514. 
57,319 
49,393, 
44,531 , 
34,420, 
30,253, 
19,486, 
16,238. 



Weight 
m 

LBS. 

1,841 

1,162 

1,115 

1,024 

977 

902 

854 

745 

695 

550 

499 



10,364 



Hence we have : — ^ lbs. 

Weight of upper chord = 7,741 

"Weight of lower chord = 8,308 

Weight of ties = 6,442 

Weight of posts = .10,364 

« ■ _ . 

Total = 32,855 

. 2 



Multiplied by 2, weight of one truss = 65,710 

The computation thus far is for a mere skeleton truss^ and 
hence something must be added for connections, pins, bolts, 
cross-ties, floor and track, to find the full weight of the hrid-ge. 
Some of these might be computed, but instead of attempting it, 
we will add 15 per cent, of the above weights for the mechani- 
cal connection, and add * 

For iron floor beams 100.80 lbs. per foot. 

Top lateral struts 21.60 lbs. per foot 

Top lateral ties 24.00 lbs. per foot. 

Track (including rails, ties, etc., etc.) 245.60 lbs. per foot. 

Total 392.00 lbs. per foot. 

* I have taken some of these numbers so as to make them agree with those 
in an article which I published in the Bail-Boad Gazette, Dec. 24th, 1870. 
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And for half the bridge we multiply this by 100. 
Hence we have : — 

Weight of one truss ♦ 65,710 lbs. 

Weight 15 per cent ^ 9,857 lbs. 

Half weight of floor, etc., etc., as above 89^200 lbs. 

Weight of half the bridge 114,767 lbs. 

Total weight of the bridge .229,534: lbs. 

After deducting the weight of the end posts, half the weight 
of the end ties, and half the weight of the end bays of the 
chords, I find that the computed weight exceeds the assumed 
weight by about 6,000 lbs. This, however, would increase 
the preceding result by a small amount only. 

I have also made the following computations, using the same 
live load per foot of length as above, and assuming that the 
ties incline at an angle of 45°. 



Live Load 
per Panel. 


16 
20 
21 
21 


Asscuned weight 
of the Truss. 


Depth. 


Weight 

of Upper 

Chord. 


Weight 

of Lower 

Chord. 


Weight 

of the 

Ties. 


Weight of 
the Poets. 


Compated 
Weight of 
the Trass. 


Lbs. 
17,600 
14,080 
18,640 
18,640 


Lbs. 
240,000 
240,000 
280,000 
210,000 


Pt. 

26.00 
20.00 

18.75 
18.75 


Lb". 

8,895 
7,958 

7,884 
7,741 


Lbs. 
6,221 
7,984 

8,985 
8,308 


Lbs. 

6,790 

6,615 

10,449 

10.864 


Lbs. 
18,748 

11,133 

10,748 

6,442 


Lbs. 

242,408 
238,284 
232,753 
229,584 



The live load is nearly the same per foot of length in all 
these cases. We see that the assumed weight has much less 
influence upon the resultant weight than' the depth of the truss 
has. The data in the first two cases are essentially the same 
except the depth, and we see that the resultant weight is less 
for the less depth. This result appears still more striting by 
comparing the third case with the others ; for here the weight 
is 40,000 lbs. more, and the depth is 15 inches less, than in the 
preceding case, and yet the computed weight is less than in the 
preceding case. 

If the members which are svhjected to com^ession a/re pro- 
portioned as for piUoTBy it is easy to show that for mi/n^vmrnm 
material the depth must he vrvfmitdy smalL 
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/ 



/ 



V' 



x^> 



y\. 



h One of the builders of these trusses (and 
^ perhaps many others do the same) insists that 
a depth equal to one-eighth of the span giyes 
the best results. As we have just seen, it does 
not give the minimum material, but it must 
be observed that the less the depth the greater 
^ is the number of bays, and hence more pieces 
must be used. The small saving in mate- 
si rial in a low truss is more than balanced 
by the extra cost of labor in manufacturing 
them. Indeed the whole problem of " Mini- 
mum Material" in trusses is more theoretical 
than practical. The saving of a few lbs. of 
material is as nothing compared with the 
best modes of connecting the parts, and of 
conveniences in erecting the structure. It 
would also be folly — ^if not madness — ^to insist 
upon saving a few pounds for the sake of 
making a lighter truss than some other build- 
er, if by so doing it involved any known risk 
of safety or durability. 



'M 



s 



^ 



Fig. 93. 



) 'V 



C^ 




135. — POST^s TAuss is a slight modifica- 
tion of the ordinary panel system. The posts in- 
cline towards the centre having a run of half 
a bay; the ties cross a post and incline 45°, 
and the counter-ties have the same inclination, 
but cross only one panel, as shown in Fig. 93. 

The mode of analysis is essentially the same 
as that already explained for the panel system. 
Let 

Span a/r = 200 feet = L 

Depth of truss 18 feet 9 in. = jD 

No. of panels 16 = -flT 

Panel length 12 feet 6 in. = I 

Panel weight of engine . 17,600 lbs. = p 
Panel weight of one truss 6,562^ lbs. = w 

This load is essentially the same as that 
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assumed in the preceding pi-oblem. The span and depth are 
the same. 

TDSa 

To find the maximum strain on the ties and posts, suppose 
that the live load extends over the whole length of the truss, and 
njoves off, without shock, in the direction from r towards a. 
The maximum strain on Rr and Rq^ will be when the load ex- 
tends the whole length ; on Rp when the load extends from j? 
to a ; on oQ and Qg^ when it extends from o to a, and so on to 
the centre, beyond which we get the maximum on the counter- 
ties only ; and to get the maximum on the other half of the 
bridge, we suppose that the live load moves in the opposite 
direction, and consider the maximum on the post and main ties 
to the centre, and on the counter-ties beyond the centre, as 
before. The results are entered in the annexed table. To 
show how they are obtained, take cD^ for example, and consider 
first the moving load. Since ah is only half a bay, the joint h 
will sustain only ^ (although in considering the dead load I 
have supposed that w^ is supported there). If the truss had no 
weight the loads at h and c would produce tension on a diagonal 
passing from c to D. Although this diagonal is not. shown, 
yet we may find the stress which tends to pass through it. 

The strain is produced by a load of |^ at J, and^ at c, A 
portion of the strain due to |;p is transmitted through hC^ 
thence to c, thence through cD (not shown in the figure), and 
so on to r. Similarly the strain due to j> at o is transmitted 
through cZ>, and so on to r. Hence, if we find how much of 
the weight is sustained at r, we find how much would be trans- 
mitted through cZ>, by multiplying the result by the secant of 
the inclination. This is easily found by moments. Taking the 
origin of moments at «, the lever arm of f jp is «J = one- 
half a bay ; of jp at c, is a<? = 1^ bays ; and the arm of the 
moment of the reaction at r is 16 bays. 

Hence we have 16 x reaction = f jp x i + j? x f 

.'. reaction = t^tjp 

In a similar way find the stress due to the weight of the truss, 
by observing that it is loaded the whole length by the weight of 
the truss. Or, observe that the strain at the middle due to the 
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weight of the trnss is zero, and increases each way from the 
centre, and we find that the stress due to ^^ is 3w^ seo 0. Hence 
the resultant stress due to both loads is 

as shown in the following table. In this case it is negatiye. 
The secant of the inclination is V 2, and the length of a tie is 
18.76 X V 2. Hence we readily find the following results : » 



Fdbcb. 



Maximum Tsif siok oir thb Tn&& 



IiB& 



Wbight 

IN 
LBS. 




103,979 

127,542 

112,138 

95,804 

81,856 

67,078 

54,685 

37,927 

30,627 

28,625 

Negative. . . . 
Negative. . . . 
Negative. . .. 
Negative. . . . 
Negative .... 



671 

866 
826 
706 
603 
494 
403 
280 
226 
211 
69 



Total 



5,467 



POSTS. 



The end poets anstain the weights. on both partial trasses, 
which equals the sum of the quantities in the first two parentheses 
of the preceding table, multiplied by the secant of the inclina- 
tion, which is i V^M. The length of a 'post is -J of 18.7-'> VTJO. 

When the train extends from the centre to one vad of the 
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bridge, it is impossible to tell exactly how much is sustained by 
li Ij respectively, but the most rational assumption is, that 
each transmits half the strains from / to the lower chord. We 
readily find the following results : — 




r B = 

i <? = 

j> P = 

= 

n ir = 

1 Z = 
k K = 
J e/ = 



[ 






«*« 

256-^ 

256-^ 
^P 

256-^ 

J»P 
366-^ 



+ Sw, 

+ w,\ 

+ w^ 
+ 
+ 0] 



= 188,900 

\ VW = 81,335 

I VW = 69,160...... 

•J- Vlo = 69,513 ...... 

i ^ir = 48,498 

i y^W- = 40,011 

^ ^10- = 29,195 

iyw = 22,827 

i ^-vT = 14,131 



Total 



1,842 

1,498 

1,198 

1,102 

988 

893 

755 

662 

612 



9,450 



THE CHORDS. 

The maximum strain on the chords is produced by a load extend- 
ing the whole length of the span. The strain on any bay is most 
easily f oxmd by the principle of moments. For example, take no. 
If this piece be severed the truss may fall by turning about O or 
jP. To find the strain on op, suppose that tiie truss is separated 
into two simple ones, one being composed of the parts rH, Bp, 
fPj Pn, etc. ; and the other of tR, Rq^ qQ, Qo, oO^ Om, etc. 
We find the strain on ivp for the first partial truss, and oq for 
the second, and add the results for the strain on op. Let F, be 
the amount sustained at r for the first truss, and F, that sus- 
tained by the second truss. By examining the table of strains 
for the ties, we see that the reaction at a for the first partial truss 
is ^^y^ JP + 4 i^?,. The origin of moments being at Qj let fall 
a perpendicular Qx, then will the lever arm of Fj be Z = xr. 

The load at q being f j? -h t^„ and its arm being x q.z= ^ Z, 
its.moment will be (ip + w^) i I; and as Fj and this load act 
in opposite senses, we have for the total moment, 
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256 
957 



384 -P + I^'' 

For the other partial truss, let fall a perpendicular from P to 
the lower chord. Calling the strain on n p for this part of the 
tnifls H„ and we find, 

. rr 1734 ,15 



Hence the Btrain on <? j? is 

2691 



^^•^^•=m-^+^^ 



22 
3 



as given in the table. 

In a similar way the strains on any part of tne npper or 
lower chord are found and entered in the table. The length 
of each regular bay, which is the length of the pieces of tli© 
chord, is 12i feet. 



?0C*7 



Piece. 



Maximum Tension on the Loweb Ghobd. 



ah or q^T 
h or qj> = 

d or jp o = 

de or n = 

ef or nm == 

fg or ml = 

gh or I k = 

hi or hj = 





884 -^^ ~ 

884 x' ~ 

884 -r ~ 

884 x' ~ 

TO99 ^ 1 

884" -^^ ~ 

884 -^ ^ 

884 -r' ~ 



LBS. 



— W 
8 1 



8 



8 
44 

8 
SI 

8 

68 

8 
61 

8 
64 

8 



w, = 
w, = 
w, = 
w, = 



69,174 

171,462 

282,287 

360,387 

413,558 

476,162 

485,200 

609,646 (half) 



Total. 



Weights. 
LBa 

205 
695 
980 

1^57 
1,435 
1,650 

1,085 
885 

8,686 
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B Q 

QP 
P o 

O iT 

ITM 

ML 

LK 

ET 



HAXiunu CouPiiBssiOK ON THB TTfpeb Ohobd. 

LBS. 



266 -r ' 
2S6 -^ * 



8 « 

8 I 

8 > 

8 1 



119,805. 
228,414. 
326,437. 

389,420. 
445,350. 

487,068. 
499,738. 
508,273. 



Total = 



Weights 

LBS. 



668 
943 
1,139 
1,249 
1,347 
1,409 
1,428 
1,441 

9,624 



The sum of these gives the weight of one-half the truss. "We 
have 

Weight of ties = \ . . . . 5,467 lbs. 

Weight of posts = 9,450 lbs. 

Weight of lower chord = 8,686 lbs. 

Weight of upper chord = 9,624 lbs. 

Total 33,227 lbs. 

2 

Multiply by two and we have weight ) 

of one truss = f 66,454 lbs. 

Allowing 15 per cent, on this weight for connections, as 
before, and the same quantities as in the preceding case for 
beams, etc., as follows, and we have, 

For iron floor-beams 100.80 lbs. per foot. 

Top lateral struts 21.60 lbs. per foot. 

Top lateral ties ."..... 24.00 lbs. per foot. 

Track (including rails, ties, etc.) 245.60 lbs. per foot. 

Total 392.00 lbs. per foot. 

And for half the Bridge we multiply this by 100. Hence wo 
have for 
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POST'S TRUSS, 

Weight of one trass 66,454 lbs. 

Weight 15 per cent. 9,968 lbs. 

Weight of floor, etc., as above 39,200 lbs. 

Weight of half the bridge 115,622 lbs. 

Total weight of bridge 231,244 lbs. 

This result is about 1,700 lbs. greater than for the panel 
system of the same data. This result in kind might have been 
anticipated, since posts being much heavier than the ties, should 
not incline so much as this system demands (18^ 26' from the 
vertical, since cotang, of inclination = fZ-r-iZ= 3), as was 
shown in article 122. Still, in the eyes of some, the Post truss 
may have other advantages which more than overbalance this 
loss (if we may so call it) of metaL If they have the same 
depth and the ties make two intersections — or in other words, 
cross two panels — and the ties incline at an angle of 45 
degrees, as they do in practice in both systems, then the 
number of bays and panels in the panel system is about 25 
per cent, greater than the Post truss. In tiie example which 
we have analyzed, the Post truss has 16 panels and the other 
truss 21 panels, so that for the same span and depth the Post 
truss has fewer posts, fewer ties, and a l^ss number of parts in 
the chords ; the length of the chords is the same, the length of 

the ties the same, and the length of the posts ^ -v/ 10 = 1.054 
longer than the corresponding parts of the other truss. A 
comparison of the results shows that the total weight of the 
ties and posts in the panel truss exceeds considerably the total 
weight of the same pieces in the Post truss. Tliis excess, 
however, is more than made up by the greatly diminished 
weight of the upper chord, which is caused by the shorter 
pieces of which it is composed, in the example before us. As 
we have seen, the weight increases nearly as the square of the 
length of the compression members. 

We see that the difference in weight is quite too small to 
establish the superiority of one over the other. The simplicity 
of the details, the ease with which they may be erected, their 
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liability to get out of repair, and the ease with which they may 
be repaired, are more vital questions than the mere saving of a 
few lbs. of iron. Still the question of form is a very import- 
ant one. Lightness in itself is desirable, but other qualities 
are equally desirable, and the engineer should seek to combine 
as many good qualities as possible.* 

* Mr. Post gfave this inclination to the posts so as to secure less material than 
in the ordinary panel system with vertical posts. An attempt to prove this is 
given in GoL Meryl's ** Iron Trass Bridges for BaU-Boads/' p. 121, but there 
are several assumptions in the demonstration which are not demanded by the 
problem, and, by introducing them, make the solution of little or no value. 
In the first place it is assumed that the middle pair of posts meet in the 
middle, as at /, Fig. 92. This is not necessary in the discussion, although the 
inventor may construct it in that way. 

In the next place it is assumed that the run of a brace is half a bay. This 
is begging the question ; for he does not consider the run of a tie in the 
solution, and hence it would be just as* fair to assume that the run is one- 
fourth, or auy other fraction of a bay. In other words^ the number of bays is 
independent of the run of a brace. Removing these two assumptums from the 
solution, and it follows quickly that the posts should be vertical For we haira 

W = the weight to be carried ; 
h = the depth of the truss ; and 
b = the run of ^the brace. 

W V' Ji 4. A" 
.•. Stress on the brace = 

If if = the number of braces, their 

W ^^ 



2A 



Volume = constant x JVJ . 
1 



2A 



±i!]"x[ 



^ b^ + h* 



I 



in which m = 



n = 



1.88 
1.79 
0.94 



and 



As & is here the only variable, it is evidently a minimum for ft = 0. 

But if j^ is a function of the run of the brace, as, for instance, JV =— - 

cb 
where d is an assumed constant, and L = the span, we have 

-> U — ^J ^1^^' + 



Volume = constant x —j- . 



[ ^ J' + A'] 



m 



= eonstant x 



(*• + 






oL^Aj "^ b 

which is to Ire a mlnimnm. All is constant but the last factor. Solving givei 
b z=: 0.8336 h 

.-. ^ = 0.8336 = tang 39" 49' 

In this solution the number of braces is axbitrary, and their run maj be aaj 
fractional part of the bi^. 
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136. — nxTBA iTRAiBB — ^We have sappofled thftt the chord? 
were parallel and horizontal. But if they eag, or are arched, 
the Btrains upon the Bereral partB will be sUghtly tnodi£ed. 
For iuetance, if they sag, the sti-ains in the chorda will have 
a downward component. This component may produce an 
additional etress on the yerticals. But I think that in no case 
of good workiuanehip will it be neceesary to consider the effect 
of such a BtresB. 

MULTIPLE SYSTEMS. 

137.— HAWPT's 1.ATTIOB, 18 of the form of a multiple 
panel system, as shown in Fig. 93. It is a wooden structurt: in 



which one-half the pieces are vertical and serve as ties, and the 
other half are inclined at an angle of about 45 degrees and 
serve as braces. There are no uonuter-b races. The main 
braces meet in the centre, as shown in the figure. 

For heavy loads on a light structure this would he a weak 
point. By securing the main braces at their ends to the verti- 
(ials, or to the chords, would cause them to aet as counter-braces 
when necessary. The inventor supposed that one-half the 
pieces should be vertical in order to resist the vertical forces in 
the truss, but we have seen in the triangular system that this is 
not necessary, and it is questionable whether it possesses as 
much advantage over Towne's Lattice as was at first supposed. 

TJie inventor introduced an arch into the system, which makes 
it a compound system. The arch will add very much to the stiff- 
ness of the structure, as well as to its strength. Without the 
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Rich, it may be analyzed in the same way as Towne's lattice, 
but with the arch it is impoesible to make an exact analysis. 

138. — BALL'S LATTICE — If Hatipt's Lattice be inverted 
we ehaJl hare the mechanical ccmditions of Hall's Lattice. The 



inventor was induced to maire it of this fonn because the nlti- 
mate resistance of wood is greater for tension tliaii for compres- 
sion, and the oblique pieces are subjected to greater strains 
than the verticals. But as the pieces cannot hold more than 
their fastenings, and as it is difficult to secure the ends o£ 
wooden pieces so as to bring into nae their full tensile strength, 
it is doubtful if this is any improvement over other forms of 
lattice trusses. 

139. — LATBBAL BoBizoNTAL BRAoiNO is uecessary to 
resist the side pressure of the wind and to prevent swaying from 
passing loads. The pressure of the wind is like a uniform load, 
and its amount may be determined with sufficient accuracy by 
multiplying the total side area in square feet wliiuh is exposed 
to the wind by 40; the result will be the pressure in IIm. 



The bracing must resist the pressm-e from both sides, and may be 
like a Howe Truss placed under the roadway or over it, or bott 
under and over, or it may be arranged as indicated in Fig. 95. 
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140. — KNBB BKAOBS are to hold the side trusseB esect 
against the pressure of the wind. The trasses are placed on 
each side of the roadway and the latter is suspended from them. 
When necessary a knee-brace A, Fig. 96, or a tie-brace jB, of the 
same figure, is introduced. The total pressure of the wind 
being known, and its centre of pressure being at half the depth 
of the truss, and the truss tending to turn about J, Fig. 96, it is 





F;q. 96. 



Fig. 97. 



easy to find the pressure P upon the knee brace at the point 
where the bolt a is inserted. Similarly for the point e on the 
other side. The dimensions of the knee brace may then be found 
on the condition of a beam fixed at one end, and a force P ap- 
plied at the other. The stress on JB will be P aee 0, 

In the case of a deck hridge^ or one in which the whole 
bridge is below the roadway, there will be room to place the 
braces as in Fig. 97. In such cases the braces need not be 
large. 

141. — ^STABIIilTT OF TKB BRIDGB ON ITS SITPPORTS. 

— The bridge may be overturned by the force of the wind, or 
it may be slid off by the same force. If 

A = the area in feet exposed to the wind ; 
B = the width of the bridge on the supports ; 
"W" = the total weight of the bridge; and 
f = the force of the wind per square foot, 
we must have, in order to prevent overturning, 

WxiB>iAxiI). 

f in ordinary cases rarely exceeds 8 or 10 lbs. per square 
foot, but in rare cases it has exceeded 40 lbs. This wiU bi9 
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mcffe f ally discnssed in the Part on Eoofs. If the above ine- 
quality does not exist, the bridge should be anchored in some 
suitable way. 

' If y = the coefficient of friction, we must have, to prevent 
slipping, 

/W>f ^ 
Values of f 

For Oak upon oak ./* = 0. 62 = f nearly 

Oak upon elm .y* = 0. 38 = \ nearly 

Iron upon oak ^ . . . . .y = 0. 66 = f nearly 

Cast iron upon cast iron . . . y = 0. 16 = -J^ nearly 
Oak upon calcareous stone y = 0. 49 = ^ nearly 

If the above inequality does not exist, the bridge must be 
anchored. 

GKAPHICAL REPRESENTATION OF THE LAW OF STRAIiJTS. 

1 43.— CONXTNIJOUS LOADING— VBBXTCAIi SHS ARIIf G 

STRESS. — ^Let a beam A C> Fig. 98, be loaded uniformly, and 
continuously from one end 

A to some point B. Let the v, v^ 

beam be considered as a uni- ^\' A 

form load throughout. If j b 

we conceive that a truss has A . ^^^^^ ^M 2 — . 

indefinitely short bays, so £^ A 

that if one of the chords be fig. 98. 

severed it may turn about 

any jpovnt^ considered as a joint, the case will be essentially the 

same as the one we are considering ; and even when the bays 

have a finite length, the formulas which we shall develop from 

this case will be suflSciently exact for most cases. 

The chief advantage of assuming that the strains are con- 
tinuous, instead of being concentrated at joints (or nod'es) only, 
as in the preceding cases, is that the la/u) of change can be 
represented by straight lines, or by continuous curves, as the 
case may be, and the results may be more easily discussed. 

Let L ^ AC = distance between the supports; 
m = AB = the length of live load; 
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w = the weight per foot of length of the beam (dead 

load) ; 
w' = the weight per foot of length of the live load ; 
W^ = V) Z =^ the weight of the beam or bridge; 
TT, = «?' Z = the total weight of the live load when it 

extends the whole length of the span ; 
Tr= F; + TT.; 

F, = the reaction of the support at A; 
F, = the reaction of the support at O; 
S^ = the shearing stress ; and 
^ = Ca = any distance measured from a 
"We readily find that y' , i- \*.\ 

7, = i wZ + ~{L - i as) a (163) 

F. = i«Z + -|^ (164) 

The vertical shearing stress at any point between C and £ is 
found by subtracting from the value of F, all the load between 
the end C and the joint considered. 

/. St = F, —wz = i wZ + — ^y ws (165) 

Now we desire to show that the shearing at the point a is 
greatest when the load extends from Atoa{oTX + B=iL) and 
Aa is greater than aC, or x > 0. 

Ist, Suppose that the load is uniform on £a, and equal to 
w' X jBa^ then we readily find that the shearing stress at « is 

w^ X Ba (aj + i Ba) . , t , w' of 
^ — ^ ^ + iwZ -{- ^-^ - WZ, 

which is greater than Eq. (165.) It is also evident that if any 
part of Ba be loaded, the shearing stress at a will be greater 
than if it be wholly unloaded. 

Sd, Suppose that the load extends from A to some point to 
the right of a. Then a fractional part of this load, say n-*^ part, 
will be supported at C, but in obtaining the shearing stress, the 
whole of the load at the right of a must be deducted from the 
reaction of the support at C; and hence the shearing stress at 
a will be less than if it extended only to a. 
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If the load extends from J. to a, s = Z — a, and Eq. (165) 
becomes 



S,=:iwZ -^ 



Yz 



w (Z — a?) 



(166) 



3d, Suppose that the live load extends only from ato Oy then 

will the shearing stress at a be 

w' ^ 

S\' = V^ — wx = i wL + 3-y (Z — aj)' — wx^ 

which taken from Eq. (166) gives 

which is zero for x = i Z; 

Negative for a? < i Z ; 
Positive for a > i Z ; hence 

the vertical shearmff stress at any j>omt for a uniform load ts 
greatest when the greater segment of the span is loaded^ and 
the s/iorter unloaded. 
For this case Eq. (166) becomes 

8, = '^+ w X -- iwZ = y (bb^j) (167) 

Equation (167) is the Equation of a parabola, in which y is 
vertical, as shown in Fig. 98. The 
ordinates of the curve JBD represent 
the vertical shearing stress at the rear 
end of the live load for uniform live 
and dead loads, the length of the live 
load being equal to the length of the 
span, and moving off from the beam 
towards the left, or moving on to the beam towards the right, 
without shock. The curve through Z* represents a similar vertical 
shearing stress for a live load moving in the opposite direc- 
tion. 

In truss bridges with parallel chords the diagonals incline 
one way from C to Z>, and in the opposite direction from 
A to where the dotted line crosses A Cy and the middle part of 
the line which is included between the two curves represents 
the part of the truss in which diagonals incline both ways. 

For a; = Z, ^ is a maximum = BG = 

i{w + w') L = i W. 




3 _ 



mm 




\ 



■*.'^ 
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To find where the curve crosses the axis of x, make y = in 
Eq. (167) and solve for x. 






(168) 



This value (aj^) is also the point of zero shearing stress, 
Jfw = w^ ; Xr 
2w = w'; 



,^ = 0.41 Z or - 2.41 Z 
x^ = 0.36 Zor - 1.18 Z 



5 w = w^ ; 
10 w = w^ ; 



Xo = 0.29 Zor - 0.46 Z 
x^ = 0.23 Zor — 0.45. 



The negative values do not come within the limits of the 
problem and only have an analytical signification. 

The value of x^ shows how far from each end counter-braces 
are xmnecessary, and as the live load rarely exceeds two or three 
times the dead load, it appears that we may safely say in prac- 
tice that for a distance of . 3 Z from each end no counter- 
braces are needed. 

The effect of the live and dead loads may be shown separately. 
Thus, in Eq. (167) let 



and 




Fig. 99. 



2L 



wx — ^ wL = — y,. 
the former of which is for the live load, 
and is the Equation of a parabola, as in 
Fig. 99, in which the vertex of the curve 
is ^t the origin of co-ordinates, at D, The 
latter is for the dead load, and is repre- 
sented by the straight line AB, The 
point E where these lines cross is the point 
of zero shearing. 



143. — GBNBRAii PROBiiEMS. — 1. Find a general expres- 
sion for the point of vertical zero shearing stress, when a, beam 
has a uniform dead load and a uniform live load, the live load 
extending from one end to any point of the span. 

2. Find a general relation between the centre of gravity and 
the point of zero shearing stress for a uniform dead load and a 
uniform live load, the latter of which extends from one end 
to any point of the span. 
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8. Show from the preceding when the distance between the 
point of zero shearing and the centre of gravity is a maximnm, 
and when it is a minimum. 

4. Suppose that a uniform load, as a train of cars, is headed 
by a single weight P, as a locomotive, and that there is a uni- 
form dead load : required the expression for the shearing stress 
kt the point where P is applied as the train moves along, sup- 
posing that all of P is applied at a point. 

144. — STRAINS I7PON TBos OKOBBS. — ^If wc suppose that 
the chords are liable to break at any point, instead of at a joint, 



C4^r^ 



\JJ^ 




"wMkH 



Fio. 100. 



we find a very simple explression for the strains upon the 
chords. 
In Fig. 100, 
Let aj = AB ; 

i> = BE- the depth; 
F = i TT = one-half the total load; 
H = the strain upon the chord at any point ; 
w = the load per foot of length of live and dead loads. 
Taking the origin of moments at E^ and we have 

\Wx^\w^ =: H.D (169) 

Wx - W .^^Q. ck ^ 



.H = 



227 



Xf4 



which is the equation of a parabola, whose axis is vertical, and 

whose origin is over the middle of 

the span, as shown in Fig. 101. 

The value of jB" is a maximum 

for a = i Z; for which H = ^'^- ^^^• 

\ —fr-- It also diminishes as the depth increases. 
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pii4»BiiB9i8» — ^1. What mitBt be the depth of the trofis sc 
that the stress in the chords at the middle of the span shall 

equal —th part of the total live and dead loads ? ^ I ~, Z 

2. Find the point where the 

the vertical shearing stress. ^ 

KoTB.— The Yertical sheazing ttzesB 
upon the diagonalfl. 

3. Find the point where the stress upon the diagonals eqnals 
the stress npon the chords. Y] .^ '"^^ ^)[i • - *^^ <^^^ 

145* — RBIi ACTON BBT^inBBN nSBTiikEABINO 8TBB88 AND 

THE SEOMBNTS OF APPi«iBB FORCBS. — Bj differentiating 
Equation (169), we have 

the second member of which is the value of the shearing stress 
at any point for a nnif orm permanent load. Hence, Z sh^r- 
ing stress is the first differential coefficient of the moment of 
allied forces (the forces being perpendicular to the axis of the 
beam). 

The reverse is also true, that the moments of applied forces 
may be found by multiplying the expression for the shearing 
stress by the differential of die abscissa and integrating the 
expression. 



CHAPTER IV. 

TEXTSSES WITH CHOKDS NOT PARALLEL. 

146. — MeOAMiCBra TRUSS. — -One of the simplest bridges 
of this kind is called UcCallam's TruBB, as shown in Fig. 102. 
TJiis is a view of one-iialf of the SuBqnehannah Bridge on the 
New Tf brk and Erie Eailroad. The span is nearly 200 feet* 
The general style of this truss is that of the " Howe Type." 
The lower chord is horizontaL The inam jpeculia^ty is the 
eurvatnre of the upper chord, althoogh the inventor gave due 
consideration to the details of the conatmction. The long 



braces which pass from the abutment and reach over two oi 
three panels are called arc^iraces. As the chords are horizon- 
tal at the middle, the strain upon them atthat point will be the 
same as for parallel chords throughout, and will be, with snfE- 

eient accuracy, ^ ■■ - , but near the ends the stress will be 

greater than for parallel chords, ' because the depth of the 
truss is less ; but this is not a disadvantage, for we have found 
in our previous investigations that in the latter case the stress is 
much less than it is at the middle ; and when the chords are 
made of uniform size throughout this is a decided gain. The 
* Appletm't Meeh. Mag., 1603, p. 78. 
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BtresB upon the end braces will be nearly i Waec 0^ and hence 
may be the same as for trnsBes with parallel chords. The stress 
upon the diagonals and verticals, excepting those which are neai 
the middle, will generally be somewhat less than upon those in 
trusses having parallel chords, for the upper chord in a measure 
acts as a brace. 

This truss is not necessarily any stronger than a Howe Truss 
of the same span and depth, but it is dtifer. 



V/ 



sT 



PAEABOLIO ARCHED TEUSS. 



>M 



147. — NOTATION. — ^This truss has a horizontal lower tie 
(chord), and a polygonal upper chord, the vertices of the poly- 
gon being in the arc of a parabola, the vertex of the parabola 
being over the middle of the span, and the curve passing 
through the ends of the span. The trussing may be quad- 
rangular or triangular. 




In Fig. 108, 

liet jflr= the number of bays in the span ; 

n = the number of a bay counting from one 

end; 
Cn = the compression on the n-th bay of the 

upper chord ; 
tn = the tension on the n-th bay of the lower 

chord ; 
F= the stress on a diagonal; 
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lf[ = the stress on a vertical ; 
i « the indination of the arch to the horizon- 

talj 
= the inclination of a diagonal to the yerti- 
cal; 
J) = the distance of the vertex of the parabola 
from the horizontal tie ; 
A = the depth of the trass at any point ; 
I = the length of a bay ; 
j> = one of the eqnal weights placed at the 

joints; and 
V = ihe reaction of the support at JB. 

Let the origin of co-ordinates be taken at the vertex of the 
curve, X horizontal, and y vertical, and 

«/ = ^ ir, y' = Ko, 

2 j?i = the parameter of the parabola. 
The general equation of the curve is aj" = 2 j?j y, and for the 

point B this becomes i i\7* ? = 2 j?, D :. 2 j?^ = ^ and 
the equation of the curve becomes 

«^ = -4:^y ory = -^^^rf (1^2) 

Counting from -B, we have £ 1 the first bay ; 1-2, the 
second, and so on to 2-8, which call the n-th. Then 

a/ =i (^ iT — n) Z, and 
a/' = (4 iT- » + 1) ?, which 

values in Eq. (172) give 

y' = ^(ir-2ny,and 

For the diagonals which incline to the light, as b 8, we have 

^^ (172) 



n [iV^ - (JT - 2 » + 3)'] 



9 



Ci->*i. f'. ■^^.i?. 
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For the diagonal o 2 we have 

ftwi^i =^-f^ = t5(^- 2 » + 1) (175) 

As in trusses with parallel chords, the diagonals may be 
either ties' or braces. They are nsuallj ties, and we will treat 
them as such in the analysis. 

* 

' : 148* — OASB OF VNIFORM I.OAD. — 8uppo86 thot egv^H 
vyeigkts a/re placed at the joints 1, 2, 3, eto.^ throughout. 

Then V=^{S-l)jp. 

If the bay 3-2 be severed, the truss will apparently turn 
about the joint h. Take h as the origin of moments. The load 
between B and the Wr-th bay will be {n — 1)^, and its lever arm 
will be (i 71 — 1) Z, and the lever arm of F will be {n — 1) I ; 
and the lever arm of t^, will be A = J9 — y^\ 

Atnhz=: r(n " 1) I " {n " l)p {^n ^ 1) I 

••^" = 8:d-p ~r ^^^^^ 

Hence the stress on the lower chord is uniform throughout 
for a uniform load. 

The same result follows if the load be upon the joints of the 
upper chord. 

The same result also follows if c be taken as the origin of 
moments. 

Hence it is evident that the same result follows if the diago- 
nals are braces instead of ties. 

To find the stress v/pon the diagonal TXBsfor equal weights 
pla^oed at all the lower joimls. 

It is evident that the horizontal component of the compres- 
sion on the upper chord mmus the horizontal component of 
tension of the diagonal (tie, b 3) must equal the tension on the 
horizontal tie BA. 

I jy* 

A o^oosi-- Fsm = t^^ 5-77 -P • • -(177) 



, "• -'" 



f\ w. 



.« 



' ... 
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The sum of the yertical components of the same strains equals 
the vertical shearing stress, or 

cmii + Fco8e= r-Sp = i{]!r-2n + l)jp.. ..(178) 

Eliminating c^ between Equations (177) and (178), and we have 



^Foo8 = 



i (iT- 2/1 + 1) 



SD 



tang 



-J?' 



1 + tang ta/ng i 

« 

Substitute in the second member of this Equation the values 
of tang and tang % Equations (173) and (175), and reducing 
gives 

Fco8 e = 0, 

hence, tJiere wiU he no stress on the diagonal ties for equal 
weigJvts^jplaGed at all thejovrvts of the lower chord. 

The same result is true if the diagonals are braces. 

It is ^ also evident that there will be no stress on the diagonals 
for equal weights on all the joints of the upper chord. 

It also becomes evident that for equal weights on all the 
joints of the lower, the stress on the verticals is equal to^. 

It is also evident that for equal weights on all the joints of the 
upper chord that there will be no stress on either the diagonals 
or the verticals ; and in such a case their only oflSice will be to 
support the lower chord. 

Making i^ = in Eq. (177) and we have 

c^cosi ^tn (179) 

or the horizontal component of stress on the upper chord equals 
the stress on the lower chord ; and hence it is least at . the 
middle and greatest at the ends. 

140« CASE OF A PARTI Ali irNIFORM I<OAD. — CalllQg 8-2 

the 72rth bay, as before, let the load extend from 3 to J., and be 
removed from 2 to -B. 
We shall have 

y_ {N-n){]S--n+l) 



u- 



_V{n-t)l _ 



VI N* 



Z>-y" 4i)(i^-» + l) 



■si/ 
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o^ami + Fco8 = Y\ ^^^x 

oncost- Fsme = t, ] ^^^^f 

... Fco, e = --^it_^ (181) 

1 + tcmg tcmg ^ 

Substituting tcmg Eq. (173), and tomg i Eq. (175), and we 
have 

. ^^ (ir-n + i)(n- 1) _z^ ^ ^ ^ ^ (182) 



- y 
re - 1 



A 



which win be the stress an the tie over the n-*^ bay. n may 

have all values from n = 2 to n = J!f — ly and hence the 
V / /' \ >v expression never becomes negative. It will be necessary, there- 
/ ,c^ /i 3 iore, in order to provide for loads moving in opposite directions, 

to have diagonals incline both ways in all the panels except tibie 

end ones. 
If we make n — 1 = n„ the preceding Equation becomes 

^«^i ^-jT ^iF ^^^^^ 

which is a more simple expression, and gives the stress on the 
tie over the (n^ — 1)*^ bay. n^ may have all values from 7iy= 

The stress on the {n — 1)*^ vertical wiU be 

It is unnecessary to consider the stress on the . upper and 
lower chords for this case, as it is evident that it will be greatest 
on those members when all the joints are loaded. 



(:'• 



ISO. — CASE OF TO AGON A li BRA€BS. — It evidently makes some 
difference whether the diagonals are braces or ties when the trass is partially 
loaded. Thus, when the joints 8, 4, 5, etc. , to 7, only are loaded, Fig. 103, if 
tihe diagonals are ties, the member b 3 wiU be the active one, but if the diag- 
onals are braces^ 2 will be the active member for the same load. 
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When the diaffanaie are braees, toe may find that the itrese an the hraeeoterthe 
ti-th hay %B 



(jy-n) np 
2N cose' 



(185) 



in which n maj have all yalues from n =z2ton = 2f^ 1 

Example.— Let Jr= B, J) = 21 

The Tal«e of 9 fonnd from Eq. (174), for each partaoalar brace, and sabsfel* 
toted in Eq. (185), givea the following resoltB :-^ 



Now of tiie biaoe, 
or, n as 



2orM 
8 or 02 

4 or (23 

5 or e4 
6or/5 
7 orp6 



Inclination of 
braces, or 
$ Bq. (174). 



the 



83" 41' 
28° 4' 
26" 34' 
28° 4' 
33° 41' 
48° 48' 



Values of 

009 0. 



0.«587 

0.8824 
0.8944 
0.8824 
0.8321 
0.0587 



stress on the brace 
the Prth bay or Ft 
Bq. (186). 



0.9013p 
1.0624p 
1.1182jp 
1.0624p 
0.9013p 
0.6641p 



We see here that the diagonals equally distant from the centre are equally 
strained ; and hence, the maximum stress on diagonal braces in any panel will 
be nearly the same whether the longer or shorter segment is loaded. A close 
inspection of the figure, in connection with results as found from the solution 
of an example, will show that they will not be exactly the same. 

The strains on verticals, Fi = - — ^.^ p, for a i)artial uniform load will 

be less thanp when i^ = or < 8, in which case the strains on the verticals will 
be greatest for the load which rests directly upon them. For Jf> 8 the 
strains due to a partial uniform load wUl exceed^, on those near the centre. 

^J^ ISl. — TRIANGlTIiAR TRUSSING — PARABOIilC AB€IIBI>» 
^ TRUSS. — ^Let the span, Fig. 104, be divided into equal bays, and where verti- 
cals through the middle of the bays meet the parabolic arc, will be the vertices 




Fio. 104. 

of the triangles which form the tmssii^. The parts between the vertices of 
the triangles are straight, and form the polygonal upper chord. 
It may be shown in this case that when all the joints of the upper chord are 
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loaded, tiiere wfll btt no ■faeen on the triangular traaaing, and honoe thexe will 
be no oroaa stzains on the arch. 

Also that when aJl the jointa of the lower chord are loaded, the tmsaing simply 
transmits the load to the upper chord, and hence the strains on the diagonal 
trussing will he^p seoO nearly (not exactly, because the tie-braces on each side 
of the load are not equally inclined). 

For a case of pa/rtial load, suppose that each of the joints of the lower 

chord, except H, are loaded with a weight p. The bay at Q we will call the 

»-th. We then have for the tie-brace JSff, which may be called the second 

one of the n-th pair of tie-braces, the f blowing values. * 

AD 
Inclination of jD^ to the horizontal = Umg i = -^. {If — 2 n— 2) 

Inclination of ^ITto the vertical = tang d = o n r ya ( v^ 2 n «i- m* 

Beactlon of the support at B^ 

^ - '22/- ^ 

Bt,eBBonigg = .P' = <^-"^<V" + ^>r t"'7^ i 1— «a8«) 

2Jv L4»^— 4 71* — IJawe 



PastiaIi Load on the Ufpbb Ghobd. — If each of the joints from D to 
A. are loaded with a weight p, we may readily find that the stress on JSIH is 

(JT - w)3 r 4 7l« - 1 



F = 



— 4 w'' — 1 J (Jew 



d 



2N L4»i\r 

and the same form of expression is true for DH, but the cosQ\a not the same 
for the two tie-braces. 
This expression may be put under the form 



F = 



[ 



{J^-n)n {N-n){N-2n) 



2 jsr 



4 {J^-n)n-l 



] 



eosd 



an examination of which shows that the tie-braces are strained more when 
the short segment is loaded than when the long one is loaded. 

ISS. — STRAINS ON THS UPPER CHORD — FOUND BY 

noifiENTs. — The strains on the upper chord may be found by 
solving Equations (180), observing to have the proper value 
in the second member of the first of those equations for the 
particular case. It is correct now for a certain partial load ; 
but if the load extends throughout, whether uniform or not, 
the Equation becomes 

Cn sin i + Fco8 ^ = F — Xj>. 



* See Jintr. Fra/nk. Inst. YoL XLYH., 8d Series, 1864, p. 228. 



/ ' 
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Bat it is generally preferable to find the value of o« directly 
bj moments. Thus, in Fig. 103, to find the stress on cJ, if that 
bay be severed, and the diagonals are ties, the truss would fail 
by turning about the joint 3. Take 3 as the origin of moments, 
and let fall a perpendicular from 3 on to (?&, and call its length 
hf z=z hco8 i {h being the depth c 3), Then, by the principle 
of moments, we have 

c^x h' = V X BZ -^, X (3 - 1) -J?, X (3 -2) 
in which J?, is the load at 1, and j?, the load at 2. 

1S8« — A GSNBKAt« PBOBIiBM. — ^ItsQUIBED TSB FOBM OF 
THE tJPPEB OHOBD SO THAT THE STEtAINS ON IT SHALL BE TJNIFOEM 
THEOUOHOUT FOE A IJNIFOKM LOAD JCXTENDINO OVEE THE SPAN. 

We have seen, when the chords are horizontal, that the great- 
est sti-ess is at the middle of the span, and when the lower 
chord is horizontal and the upper chord is a parabolic arch that 
the strains are greatest near the ends. May there not be some 
form such that the strains shall be uniform throughout ? * 
Let L = AJB = the length of the span ; 

d = OP = the lever arm of the stress on any bay of 

the upper chord; 
d^ =2 C£! = the value of d at the centre ; 
iT = the number of bays in the span ; 
I = the length- of each bay. 




Fig. 105. 



n = the number of the bay counting from either end ; 
m = the number of the central bay (iJTii iTis even); 
= the compression on the upper chord ; 
p = the load at each joint. 



" Solution by Momenta," by W. 0. WiUits, daas of 1870, Un/k). ofMioh. 
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Let the bay QH be severed, — ^take the origiii of mommtB at 
O^ and we have 

cd^\{N — 1)^ 7i Z — i (n — 1) Z np 
:= \\N -- n) np I 
For the middle of the span, this Equation becomes 

od^ z= ji (JV — m)mpl 
Eliminating c and solving gives 

^ = ^^T^ ("" 

Assume j^ d^^ and L ; hence I becomes known. Find the 
successive values of d in Eq. (187). Then construct the poly- 
gon as follows. Divide the span -4.i?, Fig. 106, into parts each 
equal to I. Begin at the middle (7, and erect a perpendicular 
equal to d^. Let the diagonals be braces ; then will ^jBTbe in 
action and jEZ^will be parallel to AB. Erect the vertical KF^ 
and draw FO. With (? as a centre, and a radius OP equal to 
the computed value of d (which in this case is for /i = 4 Eq. 
(187,) describe an arc GP ; and through F draw a tangent to 
said arc, and limit it by a vertical through O, Draw the brace 
GR and proceed as before to L The stress on IB may not be 
the same as from I\o E. 

In this case the strains on the lower chord will be greater 
near the ends than at the middle. Query, — ^Can the parts be 
so arranged that the strains on upper and lower chords shall 
both be uniform throughout ? Can this be done when one is 
horizontal % 



194. — BOTH CHORDS ciTRTBD. — If both chords are curved 




Fia. 106. 



upwards, as in Fig. 106, we may find the stresses upon the 
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chords by the principle of moments ; thus, the stress on the 
bay cd may be found by taking the origin of moments at a* 
Draw ae perpendicnlar to the direction of dc^ and we have 

^„ X a^= Fx aa^-Xpx 

{ax being the horizontal distance of a from F", and Sj>x a gene- 
ral expression for the moment of all the load between a and £). 
In a similar way find the stress on aJ = c^. Then in Equation 
(181) snbstitnte F — 2' j? if necessary for V. After this 
change is made Equation (181) will give the stress on the diago- 
nals, by substituting the proper values for and i. 

In this way almost any simple truss may be solved, but it is 
not easy to give general formulas which will facilitate the 
solution. 




CHAPTER V. 

COMPOUND STRUCTURES. 

155« — BBiKABK. — By a compound structure I mean the 
combination of two or more simple structures. The BoUman 
Truss, as usually made, Figs, 47 and 48, is a compound struc- 
ture. The main system is a succession of king-posts, but the second- 
ary system is a panel structure. The more common compound 
systems are made by combining a simple arch with some form of 
trussing. The compound systems do not admit of as thorough 
and exact analysis as the simple systems, for they act on difPer- 
ent principles, and it is impossible to tell just how much each 
sustains. The more noted ones are wooden structures, and 
as the material yields in one system it throws the strain upon 
the other, and thus there is a constant tendency to equilibrium. 
Such systems are usually made excessively strong, so that one acts 
as a safeguard to the other. The wooden structures that have 
been made on this plan are doubtless much stiff er than if all the 
material were put into either of the simple systems. As the arch 
plays an important part in these structures, I will here briefly 
state that if the arch is so made or held that it will not distort, 
we may find the crushing force at the crown by the formula, 

^=•1^ (188) 



Fia. 107. 

in which L = the span = 2 AB ; 

D = the versed-sine = CB ; 
W = the load on the span ; and 
H = the thrust at the crown. 
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This formula is only true if the arch receives ite thruBt &t the 
abutment, but if it is snpported at ite ends it becomes Bimplj 
a curved beam, and there will be both tension and -compression 
at O. Ab these arches are usnally very flat, the compreesion at 
the ends will rarely exceed more than 10 percent above that at 
the crown. 



1 S A. — BttBB TRvas. — The Burr Tmss, Fig. 108, is a wooden 
structure and was in very common use in some parts o£ the 
coantry not many years since. The arrangement is so evident 




from the figure that a special description is deemed tmnecessary. 
It appears that the arch was relied npon to resist the strains 
which would, in the panel system, fall upon the connter-bracea. 

197 • — SECOND BXAMPLE. — Fig. 109 IS another example 
of a compound structure which is composed of a Howe Trusa 
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and a simple arch. It is evident from the remarks previously 
made, that there is an unnecessary number of counter-braces. 
The arch is* usually secured to the truss by bolts, where the 
members cross each other. 

158. — ^THiBB KXAMPI.B. — 'Fig. 110 is another example 
of a compound structure. In this the truss is, in a measure, sus- 
pended from the arch by suspension rods. There are no coun- 
ter-braces. Instead of counter-braces in the panels, there are 
ii-on ties, which incline the same way as the braces, and hence 
serve as counter-braces when necessary. It is very doubtful if 




Fig. 110, , 

any are needed near the ends. When either end half of the 
arch is loaded the other half tends to thrust upward, which ten- 
dency should be resisted by the truss ; hence the necessity of 
counter-braces, or counter-ties near the middle ; but near the 
ends the weight of the truss and arch would probably be suffi- 
cient to overcome any such tendency. On this point see the dis- 
cussion on counter-braces. 

Numerous other forms might be given, but these will answer 
to illustrate the topic. 

To analyze these structures, ascertain the load which the arch 
will cany, and then the load which the truss will carry, and add 
the results. 27ie margm of safety for both combined should 
considerably exceed that which would be allowed if either, act- 
ing separately, carried the whole load, for reasons previously 
given. 



Part 3- 



EOOFS. 



iS9m — A ROOF, in common language, is the covering over a 
sbacture, the chief object of which Js to protect the building 
agmnst the effects of snow and rain. It is composed of boards, 
shLigles, slate, mastic, or other suitable materials. 




Fig. Ill, 

The inclined pieces AG, and JBO, Fig. Ill, which support 
the roof are called raftkhs. When the roof is light, the roof 
boards DJS are placed directly upon the rafters, but when the 
rafters are far apart, say more than four feet, small pieces a, 
5, c, and d, called Pu»iiiNKS,* are placed across the rafters for 
the purpose of receiving the roof proper. AH is a tie, and I^ 
and G represent the ends of posts. The frame ABC is called 
f^ roof trtc88. 

160. — aooF TRiJSSBS have a great variety of forms, and 
differ greatly in the details of their construction. All the 
trusses which have been discussed in the preceding pages are 

* Purline beams axe sometimes placed under the raftezs. 
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enitable for this pnrpoee in many cases. Some other foitns ai« 
given in the following pages. 

161« — GENERAL BAT A. — ^A Foof truss 18 required to carry 
its own weight, the weight of the purliiies, the weight of the 
roof above them, the force of the wind, the weight of snow 
when there is any, and in some cases certain local or concen- 
trated loads, such as floors, machinery, and the like, which are 
suspended from the roof trusses. 

163r — BESCRIPTiaN aP the roof over rtfHE LARGE 

HALL OF THE fJNivERSiTiT OF juichigan. — The roof over 
the large hall of the University of Michigan contains some 
novel features, and in some respects is a bold design. The out- 
line and arrangement of the parts, including the dome, were 
designed by the architect,* but the details of the large trusses 
were arranged and proportioned by the author, and erected 
under his superintendence ; hence they possess a peculiar inter- 
est to him. It is here presented as a practical problem. 

The frontispiece shows a vertical section from east to west 
of the dome and roof, through the centre of the dome, except- 
ing that the truss is shown as if it was between the eye and the 
dome. The west end apparently rests directly upon the col- 
umns which support the roof, but in reality nearly the whole 
dome rests upon the trusses. A skeleton of the elevation and 
plan of the truss is shown in Fig. 112, and a plan of the roof in 
Fig. 113. These Figs, are not drawn to the same scale. 
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Fig. 112. 



* The New XJniyersity Hall was designed by Hr. E. S. Jenison, a stadent of 
the author, class of 1868, Und/o, ofMieh^ 
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The width ajy, Fig. 113, over which the trneses are placed, is 
80 feet, and the length vyy is 128 feet 10 inches. There are two 
trusses, each like that shown in Fig. 112, placed across the 
space, one at AB^ and the other at A'B\ the distance between 
them from centre to centre, being 34 feet. Side trusses, of the 
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Fio. 113. 

King-Post style, extend from the main trusses to the end w^alls, 
and are marked C, C, C^ in Fig. 113. These are for carrying 
that portion of the roof which is between the main trusses and 
the end walls. Trusses of a similar style 0\ C\ C\ were 
placed between the main truBses. 
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The dome is built around and secured in place by eight long 
poets, twelve inches square, made of joists which are two inches 
thick by twelve inches wide, breaking joints, and firmly bolted 
together. The lower ends of these posts rest upon and are 
secured to trusses at P, P, P, Fig. 113. Four of these are 
secured directly to the main trusses, and the other four to cross 
trusses. The cross truss under the right hand (or east) side of 
the dome is 33 feet from the west end of the main truss. The 
polsts all meet each other at a common point near the upper 
end of the dome, as shown in the frontispiece, and are firmly 
secured to each other ; hence, they may be considered as form- 
ing the edges of a regular octagonal pyramid. The height of 
the dome above the lower side of the main trusses is seventy 
feet, and the base covers about 50 feet square on the main roof. 

Purlines, which were two inches thick by twelve inches deep, 
were placed upon the cross (or side) trusses G^ O^ G\ G\ and the 
whole was covered with a continuous flat roof, having a pitch of 
one-half of an inch to the foot, thus forming a large base — 120 
by 128 feet, including the roof in the rear of the main hall 
— for resisting the force of the wind on the dome. All the 
trusses — ^the main and cross trusses — extend downward into the 
roof, and were made use of for dividing the ceiling into panels. 
The panels were over four feet deep and extended from the 
walls to the main truss on the sides, and from one main truss to 
the other in the middle, the panels under the main trusses 
crossing the others at right angles. The position of d^ Fig. 113, 
was determined by the size of the base of the dome. The side 
truss at h is midway between A and c?, and those at f and h 
divide the space dB into three equal parts. 

The main rafters AG and GB^ Fig. 112, are solid pieces 
of pine, fourteen inches wide and sixteen inches dwep. The 
upper part of the rafter GB is above the roof and cased in. 
The truss A GB is called the primarit truss. The rafters 
of the SKCONBARY TRUSS are formed of several pieces, each 
one of which extends between two consecutive joints, — as Aj^^jky 
Td^ mn^ etc. These are bolted to the main rafters. The pieces 
jb^ JcG^ ID^ Dm^ etc., are braces of the secondary truss. 

The tie AB is common both to the main and secondary 
trusses. It is composed of flat bars (or links) of iron, of uniform 
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thickness and of different depths^ depending npon the amount* 
of stress to which they are subjected. They are enlarged at the 
end, and have an eye for receiving a pin, as 
shown in Fig. 113a. Four of these are c 




O O O 



Fig. 114«. 



placed side by side, and arranged as shown 

in the plan in Fig. 112. Cast-iron blocks ^la. llSa. 

rest against the pins for receiving the end 

of the braces of the secondary trusses. At each end of 

the trussed at A and jB is a large cast-iron block, which 

weighs 680 lbs. These are for receiving the pressure of 

the main and secondary rafters. The bars of the main tie 

pass through two slots in these pieces, and are secured on the 

outside of the blocks by a large pin 3^ inches in diameter. 

The vertical members q;, hky etc., are iron ties, the lower ends 
of which pass through holes in a cast-iron block. Fig; 114<x, and 
secured by nuts on the under side. This block is placed below 
the large tie. The upper ends are secured in a similai* way. 
In some cases there are two and in other cases 
three ties, which are represented in Fig. 112 by 
a single line, the number and position of which 
will be given hereafter. As a general thing, one 
or two rods, as the case might be, was used for supporting the 
load which was placed at a joint, and the other rod at that joint 
was used for supporting the transmitted pressures, although 
this was not always the case. The conditions will be fully 
shown in the following analysis. 

163, TIKB LOAD ON THB FLAT PART OF THE ROOF.— i 

It is not supposed that all the data which are given below are 
applicable to all cases, or even that there are no questions in 
regard to their correctness. They are presented as they were 
used at the time, and are open for discussion. It was 
intended, however, to be on the safe side in all cases, and it is 
advisable, in a case like this, where the ceiling is secured 
directly to the roof, and the roof acted upon by a large dome 
under the varying pressures of the wind, to be largely on the 
safe side, so as to avoid as far as possible breaks and cracks in 
the ceiling. 
I supposed that the several loads wei*e reduced to an 
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iflikk 
of pine. 

Felt and mastic roof = 1 .50* 

Koof boards = 1.00 

Koof joiats (2" x 12", ^ W apart). = 1.50 

Lath joists (2" x 6'^ - W apart) = 0.75 

Panel-work in the ceiling = 0.75 

Side trass, tie-rods, etc = 2.00 

Plaster, inclading panels, ecanices, etc. = 3.00 

Weight of snow and pressure of the wind = 6 .00 

Total 16.50 

The weight of tour specimens of pine, taken at random, were, 

1st specimen 32 lbs. per cnbic foot. 
2d specimen 40 lbs. per cubic foot. 
3d specimen 30 lbs. per cubic foot. 
4th specimen 45 lbs. per cubic foot 

Total 147 lbs. 

Average 87 lbs. per cubic foot 

Two of the specimens appeared to be quite thoroughly 
seasoned, and the other two only partially so. I assumed 37 lbs. 
as the weight per cubic foot of the material, which must have 
been on the safe side. This gives, according to the preceding 
data (16^ x 37 -J- 12 =), 54 lbs. (nearly) for the load upon a 
square foot of the roof. 

Francis, in his book on " Iron Columns," p. 19, says that 
flat roofs loaded with snow are liable to weigh 50 lbs, per 
square foot ; and Trautwine, in his "Engineer's Pocket-Book," 
p. 801, says, that when the roof is plastered below, the weight 
may be 46 lbs. per square foot, including the weight of the 
snow and pressure of the wind. As these authors could not have 
had in mind such heavy panel- work in the ceiling as exists in 

* This WAB the estimate of the roofer, but I now think it should have been 
S^ to 3 inches. Within two years after the erection of the building, the mastia 
was temored, and the roof was ooyered with tin. 
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this case, and as I wished to keep decidedly on the safe side; 
I adhered to the above result of 54 lbs* 

This gives for the weight of the roof, including snow, etc., 
and excluding the weight of the dome, and the space occupied 
by the dome, 500,000 lbs., and for the weight when the 
timber is thoroughly seasoned (called 28 lbs. per cubic foot) and 
exclusive of the weight of the snow, 193,000 lbs. 

The weight of snow and the pressure of wind are deserving 
of special notice. 

104. — THB WEIGHT OP SNOW. — Frcshly fallen snow 
weighs from five to twelve lbs. per cubic foot, although 
snow which is saturated with water weighs much more. Very 
wet snow rarely falls to a very great depth, especially in the 
southern part of Michigan. Some say that snow is equivalent 
to from iV *^ ■!■ ^^ ^*^ depth in water, while others say that it 
may be equivalent to i its depth of water. 

European engineers consider that six lbs. per square foot 
is sufficient for snow, and eight lbs. for the pressure of the 
wind, making fourteen lbs. for both. Trautwine says 
that not less than twenty lbs. should be allowed in the 
United States. 

As the roof in the case which we are considering is flat, a 
large quantity of snow may rest upon it, but the pressure of 
the wind upon it will probably be small. 

Snow in the vicinity of Ann Arbor is rarely three feet deep 
on the ground, but because it is sometimes that depth, or of an 
equivalent depth of heavy sno^, the load due to its weight 
must be provided for. Calling the snow equivalent to 3^ 
inches deep of water, and we find that it equals 6 inches nearly 
of partly seasoned pine — which is 18^ lbs. per square foot 
— a value somewhat under that assumed by Mr. Trautwine, 
but which I consider quite large enough in this case. Before 
BO much snow can fall upon the roof, all the timbers in it will 
be liffhter from seasoning than that assumed above, so that the 
entire roof will be lighter than that which we have assumed. 

16S. — THE FORCE OF THE ivTND. — The prcssurc of the 
wind upon the dome is of special importance in considering its 
stability and in proportioning the trusses. According to Mr. 
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Smeaton, the pressure of the wind directly against aflat surface 
in a hurricane may be 32 lbs. per square foot. Tredgold 
recommends the use of 40 lbs. per square foot. A gauge in 
Girard College broke under a strain of 42 Iba. per square foot, 
whilst a tornado was passing near by. During the severest 
gale on record at Liverpool, England, there was a pressure 
of 42 lbs. per square foot directly upon a flat surface. 
During a very violent gale in Scotland, a wind-gauge once indi- 
cated 45 lbs. per square foot. Buildings which are more or 
less protected will not be subjected to such pressures. 

Although there. are high winds at Ann Arbor, yet no such 
gales as those mentioned above have ever been known there ; 
at least 1 judge so from the fact that comparatively little 
damage has been done by high winds. But if such winds do 
occur it will be safe to assume less than 40 lbs. per square foot 
on account of the oval shape of the dome ; — and also because 
materials will sustain a high strain for a short time without 
apparent damage. If, therefore, we should proportion the 
parts for 25 lbs. pressure, they would doubtless sustain 50 lbs. 
without damaging them ; and to avoid much deflection in the 
trusses in case of a strong wind it is not advisable to use a 
smaller value. I therefore used 25 lbs. per square foot upon 
a meridian section of the dome. 

The cylindrical part of the base of the dome is about 34 feet 
in diameter, and the total height above the angle of the truss is 
about 55 feet. To get the force of the wind I called the 
average diameter 22 feet, and 60 feet high. This gives a pres- 
sure of 33,000 lbs. 

The centre of pressure is about 30 or 32 feet above the fast- 
enings of the lower ends of the posts of the dome, and hence 
the pressure on the feet of the posts due to the pressure of the 
wind will nearly equal the pressure of the wind upon the sur- 
face of the dome. The wind may blow from any direction. 
When it is directly in the north or south it will tend to throw 
the dome directly upon one or the other of the large trusses, 
and I assumed that each of the two posts which rest on the 
truss would carry 15,000 lbs. due to the pressure of the wind ; 
and when the wind is in the east or west it may cause the same 
pressure on the posts on the opposite sida 
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But to be completely on the safe side in proportioning the 
main trusses, I assumed that, when the wind is in the north- 
west, or south-west, the whole of the 30,000 lbs. would be thrown 
directly upon the angle of the large truss. This being done, it 
is unnecessary to consider the transmitted strain of 15,000 lbs. 
which is thrown upon the other points when the wind is in other 
directions, as will be noticed in the analysis. 

166.— WEIGHT OP THE DOME. — ^As it was difficult to 
determine the exact weight of the dome from the drawings, I 
made a rough estimate of it by assuming that it was equiva- 
lent to a hollow cylinder whose mean diameter was 24 feet, 
height 80 feet, and whose thickness was six inches of solid pine. 
This gave a weight of 112,000 lbs. The architect computed 
from a bill of materials that it would weigh 96,000 lbs., but I 
do not know what he used for the weight of pine. A review 
since its erection gave 107,000 lbs., at 37 lbs. per cubic foot. 

There were eight supports, as before described, each of which 
I assumed would sustain one-eighth of the load, or 14,000 lbs. 
each. In reality these posts did not sustain this amount, for a 
large portion of the dome rested directly upon the large trusses, 
but the computation would be essentially the same, excepting 
that in the latter case it would make the strain upon some of 
the vertical tie-rods less than that found by the following com- 
putation. 

16y, — WEIGHT OF THE MAIN TRUSSES. — Fromthc bill of 

materials I found that the large trusses would weigh 17,800 lbs. 
each ; and hence at each of the joints <z, 5, c, etc.. Fig. 112, the 
weight will be 1,780 lbs., assuming that the load is uniformly 
distributed and that each joint carries one-tenth of it. 

168* — WEIGHT OF CROSS TRUSS. — There was a truss be- 
tween the two large trusses at D, to keep them erect, the weight 
of which is 3,600 lbs., or 1,800 lbs. on each truss. 

169. — RESULTS coiiiiECTED. — At », Fig. 112, the load is 
one eighth of the weight of the dome, or 14,000 lbs. ; the pres- 
sure due to the wind, or 15,000 lbs. ; jphcs one-tenth of the 
weight of the truss, or 1,800 lbs. 
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At h the load is one-half the weight on the side truss due to 
tlie weight of the roof, or 11,780 lbs. ; j>lu8 that due to the 
weight of the snow, or 6,150 lbs. ; phis one-tenth of the weight of 
the large truss, or 1,800 lbs. ; which together equals 19,730 lbs. 

At D the load is one-half the load on one side truss, plus 
one-half that on the cross truss C (which supports one-half the 
load between C d and C' f)^ or 12,690 lbs. ; plus the load due to 
snow, or 7,880 lbs. ; plus one-tenth of the weight of the truss, 
or 1,800 lbs. ; plus one-eighth of the weight of the dome, or 
14,000 lbs. ; plus the pressure due to the wind, or 30,000 lbs. ; 
plus one-half the weight of the crosi truss, or 1,800 lbs. 

Similarly, we find the loads on e^f^ g^ etc. These results are 
brought together in the following tabular form : — 

Weights m Ths. due to the several loads on the several joints. 



Weight. 

Roof 

Snow 

Truss 

Dome ; 

Pressure due ( 

to wind ) 

Weight ofi 

cross truss f 

Totals 



1,800 
HOOO 

1^000 



S0,800 



11,780 
6,160 
1,800 



19,780 



1,800 
14,000 

15,000 



80,800 



12,690 

7,880 

1,800 

14,000 

80,000 
1,800 



68,170 



1,800 



1,800 



18,275 
9,625 
1,800 



20,700 



1,800 



A 



18,276 
9,625 
1,800 



1,800 



29,700 
900 



80,600 



1,800 



Support A 



27,000 

14,000 

9,000 

44,000 

80,000 
8,000 



126,000 



The load at i being small, the brace hq was omitted, and in 
the analysis the load at h was called 29,700 -h 900 = 30,600 lbs. 

The load on the support at A was used for determining the 
dimensions bf the column which supported one end of the 
main tiniss. 



lyo, — ANAi-Ysis. — We have the following dimensions: — 
AB = 80 feet ; 
CD = 16 feet; 

JBi = 7 feet 10 inches = ih = hg =: gf=:fe = eD; 
a A = 8 feet : 

ab = 8 feet 6 inches = i{j = cD; 
AB = 33 feet, and 
DB = 47 feet 
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fiy means of these quantities we can find the lengths of the 
verticals and of the inclined braces, and the angles which they 
make with each other. In regard to the latter a practical diffi- 
culty presents itself. For the timbers having finite dimensions 
it is fomid practically impossible to put them in place and give 
them the proper bearing, and at the same time secure the same 
inclination that we would have if the parts wer/d reduced to 
mathematical lines. 

In this case, if the centre lines of the main rafters AGsJii 
BG are prolonged, they will meet the line of the main tie 
several feet outside of the points of support, and the question 
arises whether we shall use the angles as they exist in the struc- 
ture, or rely upon the dimensions above given. Neither will 
be exactly correct, but it will be nearer correct to use the for- 
mer than the latter. I have therefore determined the several 
angles of inclination with the vertical from a scale drawing, and 
used the secants and tangents to the nearest tenth. 

If the load at 6^ is 30,800 lbs., see Article 169, we may 
assume that it is supported by the secondary truss Ajb^ and 
hence, according to Article 46, we have 

Btress on cy = 30,800 Ths. ; 

8i/re88 onAj = i oi 30,800 lbs. x see oqA; 

etreas on b; = i of 30,800 lbs. x sec aj/b ; 

Bi/rem onAb = -J of 30,800 Iba. x tang ajb. 

The vertical pressure at £ is ^l^ of 30,800 lbs., jplua the load 
placed at 5, or 19,730 lbs. ; hence the total vertical pressure at 
b is 35,130 lbs. We may assume that this is carried by the 
secondary king-post truss Akc/ and hence we have 

stress oh bh = 35,130 Ths, / 
si/ress on Ah = ij^ of 35,130 Ubs. x sec AM) / , 
si/ress on ck = | of 35,130 lbs. x seo bko / 
stress on Ac = -J of 35,130 lbs. x tang bhA / or 
str^s onAo = i of 35,130 lbs. x tang bhc. 

Similarly, the vertical pressure at o is f of 35,130 lbs. phis 
the load, 30,800 lbs. at c ; hence, the total load is 64,220 lbs. 
Tliis is supported by the secondary truss AW. Hence, we 
nave 
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s^ess and = 54,220 lbs. ; 

stress onAl = J of 54,220 lbs. x sec dA ; 

sinless onDl = f of 54,220 lbs. x sec dD ; . 

stress on AD = f of 54,220 lbs. x tcmg dD, 
Hence the reaction at D of the truss AID is f of 54,220 lbs. 
= 40,665 lbs. This may be proved by finding the reaction 
directly, thus : — 

Sinless a^ J? = i of the load at a -i- } that at J + 

f that at ; or 
= i of 30,800 lbs. + } of 19,730 lbs. 

+ f of 30,800 lbs. ; 
= 40,665 lbs., as before. 

Proceed in a similar way with the secondary trussing be- 
tween D and jB, and we finally find that the point D sustains 
34,40P lbs. of the load on DB. 

The total vertical stress at 2> is that which is transmitted to 
-D through ID from the left (40,665 lbs.);^ZiA» that transmitted 
to D through mD from the right (32,400) ; "plus the load which 
is directly applied at D (68,170) ; or 141,235 lbs. But we may 
deduct from this all that part of the 15,000 lbs. which is 
applied at a and (?, due to the pressure of the wind ; for these 
pressures cannot exist at the same time that the 30,000 lbs, 
does, which is supposed to be applied at D. Hence we may 
deduct i of 15,000 lbs. + f of 15,000 lbs., or 15,000 lbs. This 
leaves for the effective vertical pressure at -D, 126,235 lbs. 
This is supported by the main truss A GB. Hence, we have 
(omitting all below 100 lbs.), 

stress onDC = 126,200 Ihs. ; 

stress onAO^^oi 126 200 Ubs. x sec DC A ; 

stress on BG = |i of 126,200 lbs. x sec DGB ; 

stress on AB = M of 126,200 lbs. x tang DGB. 

Where two or more. stresses are common to a single piece, 
the resultant stress is the sum of all the partial stresses. Thus 
the total stress on Ah^ for instance, is the stress on db of the 
truss Ajh ; plus the stress on Ac of the truss AJcc / plus^ the 
stress on J. -Z? due to the truss A GB. 

Similarly, the total stress on Aj equals the stress on Aj of the 
truss Ajb; pbas the stress on Ak of the truss AJco + etc. 
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As a check upon the work, we have the total Btress on. A J 
equal to the total reaction on the support A multiplied by the 
secant of A CD; which should equal the sum of all the 
partial stresses. 

(Note. — This oheok would be exact for a skeleton or line truss, but we do 
not expect it to be exaotlj tme in this case, where the angles are not deter- 
mined from the dimensions of the trass. ) 

In ordinary cases it would probably be thought advisable to 
use 600 or 800 lbs. per square inch for the safe resistance to 
crushing of pine ; but as the maximum load which we have 
assumed — that due to green lumber, green mortar, a deep snow, 
and a hurricane, all applied at the same time — ^will probably 
never exist, we may safely assume 1,000 lbs. ; for it probably 
might be strained to double this amount for a short time with- 
out endangering its strength. This is the value which we 
have used. The iron will safely resist 12,000 lbs. per square 
inch. It was all tested to 15,000 lbs. Using these values, and 
we have the following numerical results. All strains less than 
100 lbs. are omitted in the final result. The number and size 
of the pieces which were used to resist the strain are also given. 

VERTICAL TIE RODS. 



Name of the Piece. 

Pteoes. 

fj 

bk 

d 

DO 

em 

fn 

ffo 

»P 



TotalLoad. 


Suspended 
LoAd. 


Tnmsmitted 
StzesB. 


No. of Iron 
rods. 


Lbs. 


I^be. 


Lbs. 




80,800 


80,800 


. • 




86,100 


( 19,700 


15*400 




54,200 


(80,800 


28,400 




126,265 


(68,200 


68,*(j()0 


2 
2 


88,900 


1 1,800 


87,100 J 


2 


46,800 


(29,700 


16,'66o 


2 

1 


22,200 


( 1,800 


20,400 


1 


80,600 


80,600 


. • 


2 



Diameter of 
each rod. 

Inches. 

1* 
u 
1* 
1* 
If 
u 
1* 

i« 

i« 
i# 

1* 

i# 



\ 



soe 



tsai^iim OS Boom 



THE HORIZONTAL TIE. 



flftiMFlMA 



Iw Xi/« • • • • • •'^ • • • • 

oc. 



6D 



be. 



Ab. 



Be, 



<f. 



fO^ 






▼ortioal Oomponeiiti 
(rf the Forces wbk^ 



1 



il of 136,200 
It of 126,200 

ii of 126,200 
f of 54,200 

( fof 86,100 
■J fitts the streaa 
( on cD 

C iof 80,800 
•< ]Aus the staress 
( on ^ 

H of 126,200 
( of 1,800 

j^of 46,800 
pku the stress 
oini)tf 

( fof 22,220 
•< p^tiie stress 
(on 6/ 

fof 20,600 
]^ the stress 
on/p 



I 






IH« 



[.all 



X 2.4 
X 2.6 

x2.4) 
x0.7f 

X 1.1 



2.4 



x8.4) 
x0.6f 

X 0.8 



X LO 



X 1.8 



1= 



177,900 
176,000* 

206,400 
232,100 

269,000 
186,90a 
215,500 

282,200 

260,100 



1^ 
I' 



111 



i 



i 



'.J 

2 



4i 

4 

«* 



* The diflennoe in the two lesnlta ii dleeaided. 
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WOODEN PIECES. 



Vame of the Fleoa. 



AC. 
BO. 

kl.. 
jk,, 

4;'.. 

mn, 
no., 

^.. 
pB. 

A. 

m. . 
Dm. 
U.. 
die,. 



Vertical Com- 
ptment of 
tbe Streak 



si 



BesoltBiLt 



Primary Tnus, 



Lbf. 



1 



iJ of 126,265 I X 2.6 I 
i} of 126,265 I X 3.5 I 

Secondary TrttM, 
i of 54,200 

i of 35,130, 

plus the stiesB 
on. Al 

C i of 30,800, 
•< plusihesbceaB 
( on jk 

i of 38,800 

i of 38,800 ) 
i of 46,350 5" 

( i of 22,220, 
•< p^ the stress 
(o7i.no 

( i of 30,000, 
•< p2u« the stress 
(on op 

I of 30,600 

f of 22,200 

i of 46,350 

i of 38,880 

f of 54,220 

f of 35,130 

i of 30,800 



Lbs. 

192,700 
182,200 



X 


2.6 


X 


2.6 


X 


2.6 


X 


3.5 


1 

X 


3.5 


X 


3.5 


X 


3.6 


X 


1,7 


X 


1.4 


X 


1.8 


X 


1.2 


X 


1.2 


X 


1.6 


X 


2.4 









35,200 

r 

65,700 

105,700 

22,600 
55,100 

74,500 

110,200 

34,600 
23,300 
48,800 
38,900 
48,800 
35,100 
39,900 



I 



I 



Inches. 

14 
14 



3 
6 

12 

2 
6 

8 

12 

6 
6 
6 
6 
6 
6 
6 



I 



Inches 

16 
16 



12 
12 

14 

12 
12 

12 

14 

8 
12 
12 
12 
12 
12 
12 
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Many of the wooden pieces were euch as the carpenter had in 
"stock," and are larger than is necessary, as is shown by a 
comparison of the strains and size of the pieces. It was 
assumed, however, that the pieces would not bend. The dimen- 
sions of the iron pieces in the large tie were changed very 
slightly from those giveii by the analysis. 

Checks upon the comjmtation, — The reaction at A^ omitting 
the 15,000 lbs. at each of the points a and o, which is due to the 
force of the wind, will be 
15,800 X 71| + 19,730 x 63* + 15,800 x 55^ -f 68,170 x 47 + 

80 

1,800 X 39| + 29,700 x Slj + 1,800 x 23* + 80,600 x 15* 

80 
= 99,800 lbs. 

The 30,000 lbs. omitted above was included in the preceding 
analysis, in such a way as to be equivalent to } of 15,000 lbs. sup- 
ported at J., plus J of 15,000 lbs. supported at the same point, 
or 15,000 lbs. in all. Adding this to the preceding value, and 
we have 114,800 lbs. This multiplied by the secant of the 
inclination, 2.6, gives 298,480 lbs. for the total stress on Aj. 
By the preceding analysis we have the total stress on 

Aj = 105,700 -f 192,700 = 298,400 lbs., 

which is the same as the preceding to within 100 lbs., which 
difiFerence results from dropping small quantities, and which 
is of no importance in comparison with the total stress. 
Similarly, the stress on Ah will be 

114,800 X 2.4 = 275,520. 

But from the preceding analysis we find that the stress is 
269,100. This shows a difference of 6,400 lbs., which would 
make a difFerence of only one-half of a squai-e inch of iron in 
the tie. But the latter result is doubtless nearer correct than 
the former, for it is dependent upon the inclination of the small 
braces (as well as the main rafter), and the former were mea- 
sured as they exist. 

171. — gauibrb of tkb i^argb tri79SB9. — From the 
time that the trusses are erected, to the time of th© completion of 
the roof and dome, they will continue to settle. The causes of 
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tne settling are the increase of load and the elasticity of the 
material. The point of greatest deflection will evidently be at 
the joint jP, directly under the angle G. After they are erect' 
ed they will change their deflection from time to time, as the 
load ^ue to the pressure of the wind and weight of snow . 
changes. It is desirable to make such a cambre in the lower 
chord as that it shall iiever fall below a horizontal. We will 
therefore assume that the change of deflection from what it was 
when first erected, is that due to the total load, as given in 
Article 169. 

The deflection will be the result of three causes, each of 
which may be considered independently. 

Ist, That due to the direct elongation of DC^ which is caused 
by the stress on the vertical ties at DC^ while DB and CB are 
supposed to remain constant. 

2d, That due to the compression of CB^ whilst CD and DB 
remain constant. 

3d, That due to the elongation of DB^ whilst DC 9sA CB 
remain constant. 

The triangle J.2>0' may be considered, instead of CBDjOr 
the computations on one may be used as a check on the other, 
but as the dimensions of the two do not differ largely, the 
results will not differ much. 

1st, T?ie elongation of DC iA caused by the application 
of 68,000 lbs. at jP, plus a transmitted stress of 58,000 
pounds, or a total of 126,000 lbs. The length of each of 
the four tie rods is 16 feet, and their diameter is 1^ inch, and 
hence the cross section of each is 2.76 square inches. The for- 
mula for the elongation is 

PI 



\ = 



EK 



Calling E = 28,000,000 lbs. and the formula becomes 

126,000 X 12 X 16 n AA7Q 4: • 1, 
— ' = 0.078 of an mch. 



\ = 



28,000,000 X 11.04 

2d, T?ie deflection cbie to the compression of BCmAj be 
supposed, without sensible error, to follow the same law as the 
differentials of the quantities. Hence, by differentiating the 
expression 
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OS^- CD^ + BI^, (a) 

considering BD as constant, we have 

CBd(CB)= CD.d{OB) Q,) 

The length of CB = "^BL^ + Olf = 50 feet, nearly. 

^(nrr, ^^ 182,000x12x60 -, ook * • u 
e? (C^ = 2^= 1^500,000 X 141^X6= ^'^^^ °* "^ "^'*- 

Hence, from Eq. {b), we have 

,.^„. CBd{,CB) 12x50x0.325 , -,^ . , 
e? (CZ>) = ^^-^= i2-^-3g = 1.015 inch. 

3d, Tlie deflection due to the elongation of DB is found in a 
similar way, by differentiating Eq. (a), considering CB as con- 
stant. 

.-. CDd{CD) = - BDd{BD) (c) 

The differential' of BD is 

d(BD) = X=^= 185,900x12x47 _ 
^ ^ ^if 28,000,000 X 4 X li X 4:"" 

0.208 of an inch. 

Although the tie-rod is not of uniform size thronghont its 
length, yet if its section is proportional to the stress to which 
it is subjected at its several parts, the elongation due to the 
several stresses will be the same as if we consider it uniform, 
and under the action of that stress which corresponds to that 
section. The negative value shows that CD is shortened by 
depressing C whilst J)B is elongated^ but as ./> is depressed the 
same amount that C is, the result is essentially positive for our 
use. Eq. (c) gives 

■jfrin. 12x47x0.208 r^a^-x ^ • i, 

d (CD) = ^rr :r?i = 0.611 of an mch. 

^ ^ 12 X 16 

Hence the total deflection due to all these causes is 

0.078 + 1.015 + 0.611 = 1.704 inches. 

This computation makes no allowance for imperfection m 
the joints. In the construction, the lower tie-rod had a deflec- 
tion downward of several inches, as can be seen from the fron- 
tispiece. (This can be tested on the figure by a straight-edge. 
But the false work which was made below this for supporting 
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the plaster cornice was cambered upward about three inches. 

As flie roof was constructed before this part of the work waa 

completed, it was probably enough to secure a permanent 

cambre after the dome was constructed, and all the joints had 

come fully to bearing. 

The change of cambre due to a severe witid of 25 lbs. per 

square foot cannot exceed that due to a load of 30,000 lbs. 

r^ , . , 30,000 - . ^^ . 

placed at x/, and hence cannot exceed -i o/! ooo !• • 04: = * 

0.405 of an inch ; but usually it will not equal one-fourth of 
this amount. If the wind should blow directly from the west 
or east with a force of 25 lbs. per square foot, it will not 
exceed one-half the above amount, or 0.202 of an inch in each 
case ; or about 0.4 of an inch in both cases ; that is, in one case 
it will be below the normal position, and in the other above it. 
The change of cambre wiU affect the perpendicularity of the 
dome ; and as the height of the dome is almost exactly twice 
the width of the space between the large trusses, the top of the 
dome will move twice the amount of the change of the cambre. 
The upper end should therefore be west of a vertical through 
the centre. When the wind is directly in the west, we have 
supposed that the pressure at the angle of the trusses due to 
this cause cannot exceed 15,000 lbs. on each, and hence the 
deflection in this case due to all the causes will be less than 
1.704 inches ; and the top of the dome will be moved to the 
east, somewhat less than (2 x 1.704 = ) 3.408 inches. The 
investigation shows that the top of the dome should be made 
about 2^ inches west of the centre of the base of the dome. 

1 73. — IF THE BATS IN TKB CKORDS ARE E<|1^AI<, aS 

shown in Figs. 114 and 115, the strains upon the several parts 
may be expressed by simple formulas. In Fig. 114 the vertical 
members of the secondary trussing are ties, and the inclined 
pieces are braces ; but in Fig. 115 the reverse is true, that is, 
the vertical members are struts and the inclined ones are ties. 
If the truss is composed entirely of iron, the form shown in 
Fig. 115 is preferable, because long pieces which are subjected 
to compression require proportionably more material than when 
subjected to tension (see Articles 21 and 22) ; and the inclined 
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pieces in Fig. 114 are longer than the vertical ones in Fig. 115. 
Bat if the strats are made of wood and the ties of iron, the 
form shown in Fig. 114 will be more economical than that 
shown in Fig. 115. 




^9 ^ ^^ ^o ^d ^d ^ 

Fie. 114. 

ANALYSIS OF FI6. 114. — A slight inspection of the problem 
shows : — 

Ist, That the strains upon the lower tie will be the same 
whether the load be upon the joints of the long tie, or upon the 
joints of the rafter, or upon both. 

2d, The strains upon the braces of the secondary trussing, or 
upon the segments of the long rafters, will be the same whether 
the load be at the upper or lower joints. 

3d, The strains upon the ties will be less when the load is 
upon the rafters than when it is upon the lower tie ; for when 
upon the lower tie, the strains due to the weights are trans- 
mitted directly through the ties to the upper joints ; but if the 
weights are at the upper joints they are supported directly by 
two unequally inclined rafters. 

At first neglect the force of the wind, and suppose that 
equal weights are placed at each of the joints (or nodes) in the 
rafter and long tie. 

Let i\r = the number of bays in the long tie AB ; 
jp = the load at each of the joints of the tie ; 
p' = the load at each of the joints of the rafters ; 
n = the number of the bay considered ; 
V = the reaction at A ; 
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o« = the compression on the n-th division of the rafter ; 

and 
tn = the tension upon the u-th bay of the tie. 

Stress on the mam rafters, — Take any point, as ^, in the tie 
as the origin of moments ; and from this point let fall a perpen- 
dicular on to the rafter AG. Suppose that a point x (not 
shown in the Fig.) is the foot of this perpendicular. If ^Cbe 
severed, the system will turn about 2?, and the moment of 
stress onyO" will be c^ x Dx. 

We also have 

F=i(i\r-i)(i, + pO; 

V X AD = the moment of Via reference to D; 
(» — 1) (^ + p') = the load between A and J); 
^ nl = lever arm of the preceding load ; 
^n{n — l)l(jf + J?') = the moment of the load. 

.'.On X Dx = VtU — {n — 1)(^ +j}')^nl 

But the imaginary triangle ADx is similar to ADO, and 
hence 

nl _ AO 
'Dx ~ CD 

AO 



AO 



OD 



(187) 



In any practical case y^j. {j> + ^^ will be constant. Call it 

q. Then 

^» = i [^ — ^] ? = i -^ — i ^ (188) 

This is a maximum for 7^ = 1, and decreases as n increases, 
hence the greatest stress on the main rafters is near the ends 
and least at the apex. • 

Stress on the long tie, AB. Call cD the nAk bay, and take 
j as the origin of moments, and we have 

V x Ac =^V X {n — 1)1 = the moment of F; 
{n — l)(j> + p') = the load from A to and including je\ 
i (n — 2) Z = the lever arm of the preceding load ; 
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i (/I — 1) (ti — 2) (j> + J?') I = the moment of the preceding 
load; and 
^n X J* = the moment of the tension. 

.■n. = i Tiy- 1)- (» - 2) J'^^)i(|>+i.') 

JO DO 

.•.<» = irJr-« + il^(y+i>0 (189) 

AD 

Afl before, let -^yv CP + jp') ~ ^ 

.-. ^„ = i[ir— 71 + l]r. (190) 

In this equation n must not be less than 2, for when n = 2 
we find the stress on ah which is the same as that on Aa. The 
stress decreases as n increases. 

Stress on the Vertical Ties. — ^The stress on the tie marked 1 is 
evidently p. The tie marked 3 virtually sustains one end of 
the king-post truss A/ii and the weight at hy and hence the 
stress onitiB jf (j} -f p^) + p = f _p + ip^' In the same way 
we find that the stress on the tie marked 5 (which is really the 
third tie) is two-thirds of the stress on S^phis two-thirds of the 
weight at i, phcs the weight at c ; or equal to 2 jp + p\ Simi- 
larly, we find that the stress on the n-th vertical tie is 

i(n +l)p + i(n-l)y = 

in(j> •hp') + i(p-p') (191) 

from which it appears that the stress increases as n increases. 

Stress upon t/ie Braces, — ^The stress on the first brace 
(marked 2) is i (^ + jp') sec 6^ in which is the inclination from 
the vertical. On the second it i&\^ {p + p^) + ^ {p -V p')] 
see =: {p -h p') sec 0, On the third it is one-fourth of the 
load at a and h^plus two-fourths of the load at h and i, phis 
three-f ourihs of the load at c and j multiplied by «^ ^ ; or f 
{p 4- p') sec 0. And generally, the stress on the 7^-th brace is 

Fn-in{p -hp')seo0 (192) 

in which is the inclination of a brace from the vertical. It 
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will be seen that the stress upon the braces increases directly 
as their distance from the support. 

sfEcoND soiiVTioN. — Conccive that a vertical section is made 
through the truss just at the right of j^ and it will intersect the 
Tirth division of the rafter, and pf the tie and ^th brace (although 
the number of the Ti^th brace is one less than the number of the 
tie ; thus, if the number of bay is 4, the number of the brace 
directly over it is number 3). It is then evident that the sum 
of the horizontal components of the strains in Dj and jG will 
equal the tension on the main tie. 

Hence, t^, = c^ cos CAD + Fsm <^D. 

Also, the vertical shearing stress in the section equals the sum 
of all the stresses between A and^ / or 

F- (n - 1)0> +i>0 ^ Onsin GAD - Fcos cjD. 
Also the moment of the tension taken about / as an origin, 
equals the smn of the moments of the applied forces ; or 

tn X JG = V.Ao — (i> •{- p') ao -- ijp ■{- jf^)hG — (jp + y ) 

as before found. 
We also have oos CA T) = 



sm GAD = 



AO 

CD 

AO 



cos <^D = ^ 



ein <^D = 



oD 
DO 



jc = ^.Ao 

These values substituted in the preceding equations give, 
gfter eliminating F, 



nc. 



= 4r(iir-n)«j^(p+y) 
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As before given in Equation (187). 

By eliminating c^ from the preceding equations, the valu^ of 
J^ may be found. 

ANAiiTsis OF FIG. 115. — In this case, as has been before 
stated, the verticals are struts and the diagonals are ties. 
Tension on the tie AJS. — Suppose that be (the Tir-th bay) is 




c D 

Pig. 115. 



severed. The truss will then fail by turning about the joint ^' 
Take^' as the origin of moments, and we have 

V.nl — i n(j> + jp^ (n ^ 1)1 =z t^jc. 



'.t^=-if{J!r-l)-{n-l)l 



^)\jo(^-^I>^ 



[i»r-.]^(i>+i>0 



= i|ir-7i 



Similarly, the stress on the nrth hay of the rafter vnU he 

The stress v/pon the n-th vertical strut will he^ 

i{n + l)p' + i{n-l)j> 
The stress upon nrih. tie wiU he 
in (j>+ jp^ sec 6 
in which 6 is the inclination of a tie from the verticaL 
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BFFECT OF THB T¥IND IN TKB PRECBBING OASB. — ^We 

must assume the direction of action of the wind when it 
strikes the roof. If the pressure is vertical we may include its 
pressure in p' in the preceding equations. If it be horizontal 
it will act only on one side, and tend to move the truss horizon- 
tally on its supports, and similarly for any other angle of action 
except a vertical one. 

Let 6 = the angle which the direction of the wind makes 
with the horizontal ; 
i = the angle of the roof with the horizontal ; and 
w = the. pressure of the wind on each joint. 

Then 

^ — i = the angle of the direction of the wind with the 

roof; and 

V) am (^ — i) = the pressure perpendicular to the roof ; 

w C08 {0 — i) :=! the pressure parallel to the slope of the 

roof. 

The latter value will give a pressure downward along the 
rafter when ^ — i is less than 90®, and the reverse when ^ i 
exceeds 90°. 

The perpendicular pressure may again be resolved into a ver- 
tical pressure (and may be represented by j?'), and a longitudinal 
pressure which will produce compression or tension, the same 
in kind as that above stated. 

The vertical pressure will be 

w am {0 — i) -T- cos i •=^ p' 
and the corresponding longitudinal component will be 

w sin (0 — i) X tomg i 
and hence the total longitudinal pressure will be 

Bm (0 ^ i) 



N' 



w 



[ 



COS {0 — i) — 



sva % 



] 



The vertical pressures must be treated as in the preceding 
cases, excepting that in determining the value of Y we must 
observe that the pressure will generally be upon one side. It 
is not deemed necessary to give a complete analysis of this case, 
for all the principles which are necessary for its solution have 
been given in the preceding pages. 
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EZAMFLB. Suppose thttt the spaa is 80 feet ; depth 16 feet; the load oa 
the lower chord 24,000 lbs. tmif ormlj distributed, and on the rafter 48,000 lbs. 
fiequized the stress upon the seyeral parte of a truss like Fig. 114, when there 
ore eight bajs in the long tie. 

We havep' = 2p = 6,000 lbs. 

p = 3,000 lbs. 
JV=8 
AO = 43.08 feet. 
•% Aa = ab = bOy eto. = 10 feet. 

ah = ^ feet. 

ib = S feet. 

je = 12 feet. 

CD = 16 feet. 



Aft = ^ 10» + 4» = 10.78. 

io= V 10" + 8^ = 12.80. 

JD = V 10« + 13^ = 15.62. 
iee ahb = 2.68. 
see Mo =^ 1.60. 
iee ejD = 1.30. 
see ACD = 2.( 



From Bq. (187) we have, by making /» = 1, 2, 3, eta 
stress on JA =r i X 7 X 9,000 x 2.69 = 84,735 lbs. 
stress (m hi = 72,630 lbs. 
stress on ij = 60,525 lbs. 
stress oiLJG = 48,420 lbs. 

From Eq. (189) we have 

stress omab = 78,750 lbs. = stress on Aa» 
stress on he = 67,500 lbs. 
stress on cD = 56,250 lbs. 

Fropa Bq. (191) we have 

stress on oA = 3,000 lbs. 

stress on bi = 7,606 lbs, 

stress on <^ = 12,000 lbs. 
stress on CD = 16,500 lbs. 

which is the stress due to the load from Aix> D \ and hence the total stress 
on CD is double this amount. 

From Bq. (192) we have 

stress on hb = i x 9,000 x 2.68 = 12,060 lbs. 
stiress onie = 14,400 lbs. 
stress on;i> = 17,550 lbs. 

173» — ANOTKBR FORIK OF AOOF TRVSSINO is shOWIl in 

Fig. 117, in which the main rafter J. 6^ is trussed by several 
secondary trusses. 
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Fig. 117. 

. ABC is the priotart truss, in which A C7and CB are the 
main rafters, and AB is the long tie rod. The rafter AO\& 
supported at e by the inverted king-post truss AhC^ which forms 
the first SECONDART TRUSS, and in which eh is the strut and 
extends from the middle of ^Cand perpendicular to it, to 
where it intersects AB\ and Ah and hC are the tie rods. 
Although Ah appears to be the same or a part of AB^ yet in 
practice they are composed of separate rods. 

The main rafter is still further trussed by the second set of 
fjecondary (or tertiary) trusses, Aae and eoC^ in each of which 
the struts ya and do are perpendicular to the main rafter and 
extend to the tie rods Ah and hC. In this construction it will 
be observed that ee is parallel to AJby and ae parallel to hC. 

In this truss it is supposed that all the load is on the main 
rafters, so that if the load is uniformly distributed over the 
rafters, we have 

W = the total load on the roof ; 

i\r = the number of bays in both raftera ; and 

W 
.*. -^ = J? = the load at each of the joints y^, e^ dy etc. 

The load which is applied at d will be supported dvrecfy 
by the pieces Ad and do^ and according to Eqs. (88) and (89), 
Article 46, we will have for the 

Stress on <5(? = jp sin A ; and (I^^) 

Stress ondo = jp sin dee ; 

^poosA^zp-^ (194) 
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The weight, J7, at e produces directly the following stresseB : — 

Stress onAe = p Hn A ; and (l^^) 

Stress on ^ = jp 9m ebA 

= jpcosA=j> -^ (196) 

But the strut eb also sustains one-half the pressures on do and 
fa ; and hence the total compression on the strut S is 

2pco8A ' (197) 

For the load^ aty*we have 

Stress on /A = p 9m A (198) 

Stress on fa-=> p sin faA 

z=zpco8A=p j-Q (199) 

For the load^ at (7, we have 
Stress on AO = irp see AGD 

= ii'^' (200) 

But the stress on dc causes consequent stress on each of the 
parts eCjcG and ^C', as shown from the inverted king-post ; and 
hence we have for the stresses due to p co8 A the following 
values: — 

AU^ 

Stress on dG or «f = i jp 008 A cot dGc = ^p (201) 

AD 

Stress on Gcor ec =^ ip cosAcosec dec = ^p y^n (202) 

The expressions just found are also applicable to the second- 
ary truss Aae, 

For the secondary truss AbGwehsiYe in a similar manner 
for the load, or stress, 2p co8 Ay which falls upon eb^ the follow- 
ing values: — 

AD^ 

Stress on Ae or eG =p , ^ ^j^ (208) 

"^ AO.vJJ 

Stress onAioriG^p^ (204) 
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Besides these stresses there is a stress the whole length of the 
rafters the same as if they were not trussed, which is due to the 
thrust at their upper ends. The amount of this compression is 
given by Eq. (53) and hence is (observing that FT there equals 4 
TThere) 

i Wtcmg sinO^OT 



= iW 



AD AD 

DC AO 



= iF. 



AI^ 



DG.AG 



.(205) 



This uniform load, as was shown in Article 20, causes a 
greater compression at the lower end of the several sub-rafters 
than at their upper end. Thus, the compression at the lower end 
of <?C7 would be greater than at its upper end ; but if the load 
be placed at the joints, as we are here considering, the compres- 
sions will be uniform from (7 to ei, at which point it will receive 
an additional stress due to the load at d. It will then be uni- 
form from d to «, where it will receive an additional stress due 
to the load at e^ and so on. Although this view of the case is 
not strictly correct, yet in practical cases, where the parts Af^fcy 
etc., of the rafter are short, it is sufficiently exact. 

In determining the total compression upon the rafter, we shall 

AC 
have somewhat too great a value if we add ^p -jrj^ Eq. (200) to 

all the other strains found above, and somewhat too small a value 
if we omit it entirely ; because the load being uniform there is 
no local load at the apex, and the load p placed at that point 
produces a greater strain than if it were uniformly distributed 
over the rafter. I have, however, retained it. 
By collecting results, we have for the 

" the stress on AC due to the thrust at C^ 
+ the stress on AC due to the load {j>) at 67, 
+ the stress on Ad due to the load at dy 
-h the stress on Ae due to the load at ^, 
+ the stress on Ae due to the stress on eJ of 

the truss Ah (7, 
+ the stress on J/* due to the load atyj 
+ the stress on ^^due to the strain on fa of 

the truss Aae. 



Stress on Af = 
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The compression on ed^ due to th^ truss eoC^ is evidently not 
transmitted to A. 

In a similar way we find the stress on any other part of the 
rafter. Hence we have 

Total stress on CB = i F^^ +i J, |g. + 1^ ^^ 

Total stress 

, , Tj, Air ^, AO ^^ Air ^ CD 

. - ,^ Air ^. AC^. AB" , „ CD 
°° '-^^^^^DOAO^^^l^+^^AaCD-^^^AG 

J.. ^Tjr Air ^, AC , ^ AI^ . _ CD 
on /J = i Fjp-^^^+i^— + ty ^-^^+ Zp-^. 

on fa = p An ~ "tress on do. 
on eb = 2p .^ 

on Ab =• jp ^ = stress on hC. 

AD 
on Aa = \p j^ = stress on (w, «? and cO. 

on AB = iW^ 

Example. Let the span be 60 feet, and rise 15 feet. Also let the main 
rafters be supported at three points by secondary trussing, as in Fig. 117. 
Let the total load on the truss be forty tons. Bequized the stress on the 
several parts. 

We have 

Tr= 40 tons = 80,000 lbs. ; 

i!r=8; 

p = 10,000 lbs. ; 
AD = 80 feet ; 
OB = 15 feet ; 
AO=i 33.54 feet; 

Ae = 16.77 feet ; 

Af = 8.885 feet =/e = ed = dO\ 

fa =4.192 feet; 

tot AD: DO :: Af:fa.\fa= ^.Af^^Af. 



I 

f 



\ 
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Similaily, d> =. 8.385 ; 

Aa = 9.374 = otf = m = Co\ and 
Ah = 18.748 =hc. 

The stress on the long tie rod AB is 

40,000 X f» = 80,000 lbs. 

The stress on Ab is, according to Eq. (204), 

10,000 X f 8 = 20,000 lbs. 
» 

The stress on Aa of the trass Aae is 10,000 lbs. =. the sferen on ae^ «, and 

The stress on d& = 17,889 lbs. 
The stress on Gd = 73,790 lbs. 
The stress on de = '(8,260 lb& 
The stress on ef = 82,730 lbs. 
The stress on/4 = 87,201 Iba 

173. — THB FRBVIOVS CASB MAT Bfi mOiMMOFTEB aS shoWIl 

in Fig. 118, in which the middle strut ei does not extend to the 
long tie rod. In this case the strains on the struts fa, eb, and 
dOy will be the same as in the preceding case, but the strains on 
the tie rods Ahy ae^ etc., will be greater than in the preceding 




case, because they make a less angle with their base. For in- 
stance, the stress on eb {2jp cos A) wiU cause a stress of 

p sec eh A cos A, 

on the ties,^J and iO\ and similarly for the others. The 
compression due to the total load on the rafter will be the same 
as in the preceding case ; and the total strains will be found in 
the same manner as in the preceding case. 






Part 9i- 



GENERAL PEOBLEM OF TEUSSED GIEDEES. 



We have thus far passed from the more simple cases of .trussed 
girders to the more complex, determining, as we passed along, 
the effect due to each condition by itself. We may, however, 
proceed in the opposite way, and deduce all these results from 
the general equations of Statics. 

1 75. — oBNERAii EavATiONs. — ^If all the forces which act 
upon a rigid body are resolved in the direction of three co-or- 
dinate axes, we know that the sum of the forces will be zero, 
and the sum of the moments (or statical couples) will also be 
zero when they are in equilibrium among themselves. The 
forces which thus act upon a body are called external forces. 
If now we conceive that the several points which are thus acted 
upon are connected by rigid right lines, the same condition not 
only holds good, but t^e may find the strains (whether of tension 
or compression) upon these rigid right lines, by conceiving that 
one or all of them are severed, and instead of the tensions which 
transmit the stresses, we substitute forces which will produce 
the same effect upon the rigid lines. The forces which we thus 
substitute we call by way of distinction, iMemal forces. The 
internal forces may be treated in all respects like external 
forces. 

Suppose that a frame of any kind whatever, as Fig. 119, is so 
made as to connect all the points of application of the external 
forces ; and that a plane section is made so as to cut several of 
the bars. 

Let P, Pj, P„ P„ etc., be the external forces ; 
F, JF[j F^y JFly etc., be the internal forces. 



Take any conYenieDt point for the origin of rectangnlar oo^r^ 
dioates, and let te and s be horizontal, aod y vertical, as in Fiir. 
119. 



Fio. 119. 

Let ft^ 0„ x„ etc. 1 be the co-ordinates of the 
Vi Vn Vn etc- f voiat of application of the 
2, e„ B„ etc. ) forces ; 

*) *i> ^t etc., be the angles which the external forces 

make with the axJB of x ; 
ft ft) ft) etc, be the angles which they 

make with axis of y ; and 
V, r„ Y„ eta, be the angles which they 

make with the axis of s, 
a, a„ a,, etu. 1 he the corresponding angles 
6, h„ h„ eta > made by the mtemal forces 
o, 0,, o„ eta ) with the axes x, y, and z. 
Then for equilibrium, ige have 

Pivw<i+ P, ivwai -t- PtCotBt + et&, + i'aMa + ^iMwai + «ta. =0) 
Peoip + P,a>iB, + Ptcotg, -(- etc, + Pto*l>+F,mb, + eta =0}- (a) 
Pwwy + P.owy, + P, RWj'. -I- etc., +^iiMe + ^iW>«ei-i-eto. =0) 

or, more briefly, 

'LPeoia-\-ZFeo*a = <i ) 

EPi!tM^+EP«»S = ^ (6> 

EPew J + S J'ftMo = ) 
We also have 

%P(mecte~yeMti) + Z F (,ie eoi b — y ee» a) = Q) 

£P{t i3M • —xam-/) + ZFifKta — aoMB) =0\ (e) 

We thne have six independent equations of the most general 
form, and by means of which we may detennine six unknown 
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quantities. If, therefore, in the most general form of truss^ the 
plane section cuts more than six bars of the tmss, the solution 
in regard to the strains is indeterminate, unless conditions can 
be established among them which will give other equations. 
For instance, certain bars may receive equal strains, certain 
others may be strained half as much, or some ratio may be 
established among them. 

But few practical problems of such a general character ever 
occur, but it is easy to conceive of theoretical ones like the fol- 
lowing. 

Example. — ^A tnus is being raised into position, and is held bj ropes, 
which are inclined in varions directions, while the trass is acted npon by its 
own weight, the force of the wind and the ropes. It is required to find the 
condition of equilibrium among the external f oroes ; and the stress upon all 
the bars in a plane section. 

1 76.— FOBCBS IN A piiANE. — ^In nearly all engineering struc- 
tures we have only to consider forces in a plane, since the force 
of gravity is the chief force with which we have to contend. 

Suppose that the forces are all in the plane xy. Then all the 
components and moments in regard to z reduce to zero, and 
the preceding Equations become 

S Poos a + S Fcos « = ) 

S Pcosfi + S Fcos b = \{ d) 

S P {x cos ^ — y cos a) + S F{x cos i— y cos a) r= ) 

This gives us three independent Equations, and hence the 
problem is determinate when the vertical section cuts only three 
bars. 

These Equations may be developed so as to be especially 
applicable to particular cases. 

177. — AFFiiiEB FORCES Aiiii TEBTiOAii. — In this cdse a 
will be 90° or 270° ; and /9 = 0° or 180° 

.'.S Pcos/3 = S ± P 
If 5* F = the forces which act vertically upward, and 
S P = those which act vertically downward, we have 

xPcdsl3=JiP-x r 

In most mechanical structures the forces which act vertically 
upward are the resisting forces at the supports. 
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We alflo have for this case 

JiP oo8a = 

And hence Equations {d) become 

S Foo8a=zO 1 
^F-S r+SI'cosi^O I (s) 

S P^— SVjx^ + S F{x cos J-y aw «) = J 

The quantity {x eoab -- y cos a) is the lever arm of the 
force JFl 

Let y, g^y etc., = the lever arms of the forces ; 

jp'= the stress on the upper bar in the section ; 

JF[ = the stress on the lower bar in the section ; and 

jF^ = the stress on the intermediate bar. 

Then Equations {e) become 

Fco8 a + F^oos a^ -h jF[co8a^=z 1 
SP. -SV-h Frni a + F,sma, + F^9ma^ = [..{/) 
SP.X ^Sr.x + F.q + F,g, + F^g^-0 J 

If the origin of moments is taken at the intersection of 
upper chord and the intermediate bar, g and g^ become zero ; 
and the third of the preceding Equations becomes 

S P.X S r.x + F,g, =0. 

Examples. 1. BeqTured the inolinatioii of the chords and of the inteimedi* 
ate* piece, so that the stress shall be the same on all of them at all sections for 
a nnif orm load over the whole length. 

We have F = Fx =^ Ft and the Equations become 

ijosa-h^xmai+eosot =0 

EP— E F+ FHna + Fmnai + Fsinth = 

EPa?— E V.m + Fqi =0 

which Equations have three unknown angles and one unknown stress ; and 
hence the solution is indeterminate. 

2. Let the data be as in the jyreceding problem, and the lower chord hori- 
sontal, or Ai = degrees. 

co»a + 1 +0Maa = O 

. •. EP- E V+ Fsina + + F9inat=zO 

EP.«-EF. « -¥ Fgi =0 

From the second and third of these Equations we bare 

F= ~^^<»+^ y^ __ ->SP+ E V 

gi " 8ina + HfKh 



228 OERERAL FBOBLEBC OF 

which oombined with ihe first of the preoeding set of eqnatioiis enables one to 
find a and th when gi is known. Bat we cannot assome arbitnuy Talnes for 
gi (the depth of the trass) withoat affectmg the valae of a. There are there- 
fore zeaUj f ooz anknown qaantltles, and it is neoessarj to establish another 
Eqoation depending npon the form of the trass to make the eolation deter 
minate. 
The load being nnif orm, 

Let 10 = the load per foot of length ; 
L = the span ; and 
a = any variable distance from the sapport; 

Then S F= ifoL; 

L Vx=zi wla ; and 

Hence the preceding Eqoation becomes 

At the middle, x = ^ L and we haye 

or, a = — Ofl or 180** + th 

8. The lower chord being horizontal and onif ormlj loaded orer tts whole 
length, it is required to find the inclination of the apper chord and braces so 
that that thej shall be eqnallj strained.* 

Take the origin of co-ordinates at the point where the intermediate piece 
intersects the apper chord, and we haye g = g^ = 0, 

The load being nnif orm, we have (10, L and x being the same as in the pre« 
ceding problem) 

EPrr WO 

ZVx=ziwla 

Also let 

Hi = the stress on the lower chord ; and 
h = the depth of the trass at the section considered. 

We also haye 

F = Fi^ Fx = Hj and 00* Oi = 1 

Hence Eqaations (/) become 

Feo$a 4- ^1 + FeMa2 = 
«00 — iio£ + P<^a + 4- Pf^Oa =0 
} loa^ — i v)Lso + Eih = 

* Solation bj G. W. Hickle, class of 1870, Unk. of Wiok. 



X 
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^7eqiiatiiig the TahuB of J^dfinyed from tihefizrt and second of these Sqpi*- 
tiuns, we have 



The third EquaAioii above gives 



.(«) 



„ i Kw (X - a?) ... 

-^^ = — IT — <*> 

In these Equations are three unknown quantities, A, a, and Oa, and henoe 
tiie solution is indeterminate unless another relation is established between 
them. This may be done by assuming a depth for the truss a(i the middle, and 
dividiDg the lower chord into a number of equal bays. 

Iiet 2> = the depth of the truss at the middle ; 
2 JV = the number of bays in the lower ohord; 

L = the length of the span ; 
I = £ -I- 2 JIT = the length of one bay ; 

a, = the angle which the n-th bay of the upper chord makes with the hori- 
zontal; and 

n = the number of the bay considered. 
Taking the origin of co-ordinates at the middle of the upper chord, we 
have 

hss JD-^l Vtang a..x + tang a,^ t + o^* • • •^'^^ <K-n\ 
tangot = -r- = 



i> — I ftow^ Oii-i + ton^ Oji-i eta 1 

Bq. ifi) becomes 

i to (JT - » + 1) Z (J - (jy- » + 1) 



a = 



2> — Z \tang a^-i + tang 0^-1 + etc. . . .tang On-. 1 



^ After substituting these values in Eq. (a), it may be reduced to the forai 

mcota + Tiina^Q 

01 which m, r and Q are known. 

This may be solved by the introduction ol an auziliazy angle ^ (see " Ohao 
renet's TrigonometEy,'* p. 90) by putting 

h tin ^ = mx and 
kcoi^ = r 

As a ohedc upon the calculation, we have 
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NinsiiBIOAIi BXAJDPIiJB. LetiTs 4; X ;- 8tf JD s« 10> niodw 

half ton. 

We have 



841* 26' 
818' 59^ 
829" 33' 



For « = 1, « = 120, h = 10. ITi = 860.00, a = 108 2G' a 

n = 2, a? = 90, A = 19.999, R = 168.77, e = 61" 18' a 

n = 3, « = 60, A = 61.08, JIi = 62.86, 6 = SO'' 26' a 

« = 4, « = 80, A = 68.72, JSTi = 88.2, e = 28' 86'. 

A oonstraotloii of these reealts shows a peooUar f oxm of tmssw 

4. Beqnired the inclination of the npper chord for « tmiform loa4 so that 
the stress on the upper chord shall be uniform throughout, for the panel sys- 
tem, as shown in Fig. 106. 

The equal bays in the lower chord being known, and any ^epth aa G = h 
Fig. 106, being assumed, we may find a^ which substituted In F^q. (/) (making 
g and q^ =^ o and a^ = o) gives three Equations, from which we may find Ft 
a and J^s in terms of F. 

Haying found a we may readily find SB, and proceed as before. 

The value of F may be found at the middle by an equation of moments. 

Eesuming Eqs. {/)^ we proceed to fix more definitely the 
values of some of the quantities in 

X them. 

If the origin of co-ordinates be 
taken at the intersection of the upper 
chord and intermediate bar, we have 
found, page 227, that 

If A = the depth of the truss in the section which is consi- 
dered, and a^ the inclination of the lower chord to the axis of a;, 
as has thus far been assumed, we have the perpendicular from 
the oriffin of moments^ to the lower chord. 

q^ = h cos a^ 

It is not generally necessary to consider more than one force 
at the support, which call V. 

If the origin of co-ordinates be at the middle of the upper 
chord, and the span be Z, the arm of Fwill be i Z — a?, and 
the particular value of ^P.x can be deterjxiined when the con- 
ditions of the loading are completely known. 




* The oiigin of momenU may be at any distance from the origin of co-ordi- 
nates. 



I . 
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. The first of Eqs. (/) gives 

hence, the algebrm<i sum, of the horizorvbal comjponents of the 
stresses in the upper chord and the intermediate piece eqxiaU 
the horizontal component of the stress in the lower chord taken 
with a contra/ry sign ; or, in other words, the resultant horizon- 
tal compression at the joint in the upper chord equals the re- 
sultaM Iwrizonlal tension in the lower chord. 

If we call tension phis and compression mvnus^ we shall 
generally have Fcosa positive, and ^ C(?« «, negative ; and 
F^ cos a^ wiU be positive or negative, according as it is a tie or 
brace. If, however, we proceed as is common in mechanics, 
by considering all forces as positive and attributing the proper 
valnes to the signs, it will not be necessary to consider whether 
a strain is compressive or tensive, but only the direction in 
which it must act to produce the strain. 

The second of Eqs. {f) may be reduced to 

Fsin a + Fj^ sin a^ + F^ sin a^ = SV — SP 

the second member of which is called the vertical shearing 
► STRESS ; hence the vertical shearing stress equals the sum of the 
vertical components of all the stresses in the section considered. 
By comparing Figs. 120 and 106, we see that if a^ in Fig. 
120 is positive, and less than 90° ; that in Fig. 106 for 
the corresponding part of the tmss will be negative and less 
than 90° ; or it may be considered positive and between 270 
and 360°. These conditions do not change the sign of cos a^ 
but sin a^ will have contrary signs in the two cases. 

178. — liOWER €HOR]> HORizoNTAii. — ^In this casc ^^ ^ 
0° or 180°, and still considering the forces as vertical, and Eqs. 
(f) are directly applicable to this case. In order to make the 
notation conform with that previously used, let 

a ^ i = the angle which the upper chord makes with the 
horizontal. 

90*^ — a, = d = the angle which the intermediate piece 
makes with the vertical ; and 

tn = the stress in the horizontal lower chord ; 

e^ ^ the stress in the upper chord ; 
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And, taking the origin of co-ordinates at a joint in the upper 
chord, Eqs. {/) become 

c^ coai + F^ ain = tn ) 

Cndni + F,eo8 0= V-SP V iff) 

tji = F a? - S P. a? ) 

If the intermediate piece is a hrace^ %m will be positive ;* 
but if it be a tie^ sm will be negative, and the Equation will 
become 

CnC09i -- F^ ^ = tn 

which is the same as Eq. (177) page 182. 

The second of Eqs. (g) is the same as Eq. (178) page 183, and 
the third of Eqs. (ff) would give Eq. (17€^ when reduced for that 
case. 

Eqs. (g) are not only applicable to the parabolic arched truss 
as developed on pages 181 to 186, inclusive, but to all cases in 
which the lower chord is horizontal. They are applicable to 
roof trusses in which the angle i is constant. 

179* — UPPBR CHORB HORizoNTAii. — For this case i =: 

or 180°, according as oj is positive to the right or left, and Eqs. 

(y*) become 

tnCosi^ + F^8m0 = Cn ) 

t^8ini,-}-F,co80=r-^P > (A; 

in A 008 \ = VX — 2 Px ) 

The amount of the strains in this case is the same as for a 
truss in the preceding case inverted. 

1 80. — BOTH CHORRS HORizoNTAi.. — ^For this casc { = 
and i^ = 180°, or the reverse, and Eqs. (g) or (A) become 

Cn + F^ 8m = tn ) 

F,co80 = V-S P y (i) 

tnh = rx--sp.x) 

These Eqs. cover all cases of parallel chords whether of the 
pcmd or triangtdar systems. There being three equations, there 
may be three unknown quantities, and the solution be determi- 
nate ; but if there are more than three^unknown quantities, other 
relations must be established. 

From the first of Eqs. (i) we have 

tn-o^ = F,8m0, (J) 
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Hence die difference in the stresses in die upper and lower 
chords in the same vertical, equals the horizontal component of 
the stress in the intermediate piece (brace or tie). 

The second shows that the vertical component of the stress 
in the brace equals the vertical skeaHivg stress ; and if 6 and 
V are constant, F^ will be greatest at the ends, and diminish as 
we pass from the end to the point where the shearing stress is 
zero. This result introduced into Eq. ( j[) shows that the strains 
in the upper and lower chords approach an equality as we pass 
from the end to the point where the vertical shearing stress is 
zero, at which point the strains will be the same in both 
chords. 

The depth being constant, the third of Eqs. ({) shows that the 
stress in the lower chord varies directly as the resultant moment 
of the external forces. 

Observing that the P'« in the second number are constant, 
and differentiating, we have 

^ (^n ^) ~ F ^ P. 
da 

the second member of which is the same as the second mem 
ber of the second of Eqs. (i), hence the first differential coefficient 
of the vnxymenta of the ofppUed forces^ equals the vertical sJiea/r- 
ing stress J both taken in the sa/me plane. 
If we consider the panel system, 

and let N = the number of bays in the lower chord ; 
p = the load at each joint ; 
n = the number of the bay considered, counting 

from the end ; 
I = the length of a bay ; and 
we have F = i (iT — l)p 
SP = {n^l)p 

SPx^ {n^ ifp X i nZ =3 i (n — 1) npl 
Hence, Eqs, (i) become 

e^ + F^sinO =L tn 
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F^eos = i {JSr -• 2 n + l)p 
tnh ^ i njpl {N — ri) 

. _ 71 (TV— lib) pi 

which is essentially the same as Eq. (136) ; and 

i^ = i (iT- 2 n + l)i> «€C tf 
which is the value of the second terra of Eq. (128). 

181. — CASE OF A HORizoNTAii BBAiK undcr the action of 
forces which are perpendicular to its axis. 

Eetuming to Eqs. («), let F be the resultant of the intemal 
forces at any point. Take the origin of co-ordinates at the 
centre of the section, and let x coincide wnth the axis of the 
beam (or, as before, be perpendicular to the direction of the 
applied forces, the forcea being perpendicular to the beam). 

Then the fii*st of Eqs. (<?) shows that the algebraic sum of all 
the forces which act along the beam is zero, or, in other words, 
the sum of the compressions equals the sum of the tensions. 
This principle enables us to determine the position of the neutral 
axis. (See " Eesistance of Materials.") 

The second of Eqs. (e) shows that the sum of the vertical forces 
in a beam equals the resultant vertical applied forces between 
the section and the end ; and the third shows that the sum of the 
moments of the intemal forces equals the sum of the moments 
of the external forces. 

In order to determine the moments of F it is necessary to 
know the law of action of the internal forces. 

One of the principal laws is: — the strains vary directly as 
their distance from the neutral axis, and gives rise to the 
expression 

in which R = the modulus of resistance to transverse strains ; 
/ = the moment of inertia of the transverse section; 

and 
dy = the distance from the neutral axis to the most 
remote fibre. 
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Hence, the third Equation becomes 

Having found -B, the value of ^ Fcoaa may be found from 
the lavB^ just given. These cases are fully discussed in the 
Author's " Resistance of Materials." 

If the forces are applied in the direction of the length of the 
piece, we will have in Eqs. {d) 

« = 0; « = 

atid the Equations become 

^P=zXF 
XPy = XFy 

which are applicable to a column under flexure, and other cases 
in wliich the applied and resisting forces are parallel, but not 
coincident. If they are coincident, y = 0, and we have only 
the first of the two Equations remaining, which is directly ap- 
plicable to the elongation and compression of elastic pieces. 
(See " Eesistance of Materials.") 

183. FERFfiOTIiT FliBXIBIiJB STSTEMS. — ^If a rOpC Or 

other perfectly flexible continuous physical line be secured at 
two points, and loaJed continuously between those points 
according to any law, the flexible string will assume some defi- 
nite curvilinear form. 

When the load is the weight of the string only, the curve is 
called a' " catenary." S up- 
pose that the string is fixed 
at its extremities, Fig. 121, 
and is acted by any system 
of continuous forces. Take 
the origin of co-ordinates at 
any point bb C: x and 3 
horizontal, and y vertical. , 

Let t = the tension at any point, as a ; 
to = the tension at the origin, G ; 
Xo = the horizontal component of the tension at (7; 
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Y^ = the vertical component of the tension at the Bame 

point; 
Zo = the horizontal component of the tension at the same 

point in a direction perpendicular to xy\ and 
Xj Y and Z, the corresponding components of all the 

applied forces between G and a ; 
B = any portion of the arc, as Oa. 

Then -^-, -^, -^- will be the cosines of the angles which 
asda as ° 

' the curve makes with the resoective co- 
ordinate axis ; and 

t -T— = the component of the tension in the direction of the 

axis of X ; and 

t -7-, t —^ similar values for the axis » and y : and 
as^ as 

Eqs. (S) become 



Z + Z. + 1-^ = 



(*) 



It may be shown that Eqs. (c) give no new relations for this 
case, and hence Eqs. (k) are sufficient. These Eqs. are general, 
and would give the form of the curve of the string in all cases 
if the law of action of the forces were known, and the Equations 
could be integrated. 

For instance, if a heavy string were placed in a stream of 
running water, the forces which act upon it would be gravity, 
or the weight of the string, which would be uniform along the 
length of the string (if the string were of uniform size), and the 
force of the running water, the law of action of which might 
not be known. If, however, we assume that the line joining 
the fixed points is the axis of x and is inclined at an angle of 45° 
with the direction of action of the water, and y is vertical, and 
that the weight of the string is w per unit of length, and that 
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the pressure of the watei is ^ on eadi timt of length of the 
projection of the string npon a plane which is perpendicular to 
the axis of the stream; then Eqs. (Ji) become 



eo«45' 



'p I 008 C 



45« + <»* ^^)d;, + x.+<-^ = o 



+ tM + T, + t^ = 



0m46' 



oobC 



45* + «» 



da 



da 



)ds + Z, + t^=0 



which are the differential Equations of the curve. 

1 83. — FOROBS IN A PI.ANB. — ^If the applied forces are all 
in a plane, let xt/ be that plane ; then Eqs. (&) become 



X + Xo + t^ = 



(?) 



If the applied forces are normal to the arc, the tension on the 
string will be uniform throughout ; for there will be no tangen- 
tial component among them to change the tensipn. 

Let J? = the force applied at any unit of length of the arc, 
which may be constant, or vary as some function 
of the arc ; and 
P = the total force applied to the arc 

Then generally 



andX 



= A*0' 



and 



, ( 
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T= I pdB 



Hence, Eqs. (2) become 



-/ 





aa 



da 



Differentiating these^ giyes 

Squaring these, and adding, gives 

in which ^ is the radius of curvature at the point whose co-ordi- 
nates are x and y. 

This becomes 

t 

that is, tTie radius of curvature of a normaJJy pressed a/re 
va/ries mversdy as the pressv/re per vmit of length at that 
pomt. But as in such cases the pressure is not uniform over 
the whole length of the unit, we should say that it is what the 
pressure would be per unit of length if the pressure were the 
same that it is at the point considered. 

If the aic is a circle, p is constant, and hence the pressure is 
constant. 

If now the origin of co-ordinates be taken at the lowest point 
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of the curve, or where it is horizontal, we shall have Y^ = 0, 
and Eqs. (Q become 

X+X^ + ^-^= 

as 

And if all the applied forces are vertical, JT will be zero, and 
we have 






(«») 



From the first of Eqs. (m) we have 

doR 
t -^= Xo^=^ toifo being the tension at the lowest point), 

that is, the horizontal component of the tension is constant and 
eqnal to that at the lowest point. 
From the second we have 

da 

that is, the vertical component of the tension equals the total 
load between the lowest point and the point where the tension 
is considereil. 

The form of the curve in these cases can readily be found 
when the law of the loading is known. 



Example 1. If the load be uniform oyer the horizontal, as is praotloaUy 
the case with the snspension bridge, we have 

In which w is the load per nnit of lengfch ; and E>|8. (m) become 

dx 
t-— = t 
d8 • 

t-^ — vw 
dt 



Dividing the latter \jj the former gives 



da 
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Integratiiig once gives 

^ ' -y = a^ + (C = 0) 



2 to 



to 

which is the Equation of the common parabola. As to enters into the para 
meter only, we see that the tension at the lowest point will always be the same, 
for the same parameter and load per unit of length. In this respect the ten- 
sion at the lowest point is independent of the span. 
We also haye 



, = e. * =fcJl^LL^ = ^ Ji+ ^t^ 



dx ^ dx V ^ da^ 



- = *'\/ 



= ^yj 



1 + 



which gives the tension at any point of the curve. The tension at the lowest 
point may be found by substituting the co-ordinates of the other extremily. 
3. If the load is a continuous function of the length of the arc, we have 

md Eqs. (m) become 

di 

* * (to to 
Differentiating gives 






dy" 
dge 



. !^cto = 



t. 



The first integral 



V da" 



■"<to^V ^^ do^ da^ dm 






1 
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which reduced giyea 



dx 






which integrated giyea 



» 






1 84. — AN iNTERSB PROBi^EM. — If the fomi of the ciursre is 
known, we may determine the law of loading so that it shall be 
a curve of equilibrinm ; or, in other words, the resultant of all 
the forces at any point shall be in the direction of a tangent to 
the curve at that point 

Suppose that the loading is of uniform density, and that the 
increase or decrease, as the case may be, of the pressures is 
caused by variations in the depth of the loading. 
Let d = the depth of the loading at the origin ; 
Z = the depth at any other point ; and 
S = the weight per unit of volume of the loading. 
Then Eqs. (m) become 

u dx _ . 
^ ds-^^ 

t^^^ifZdx 
d9 ^ 

Dividing the latter by the former gives 



dx 



to 



Differentiating gives 



d^y _ nZ 
daf^U 
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We know tliat 



(}-t> 



8e(fi 

in which p is the radius of cnrvatore, and i =s the angle which 
the carve makes with the axis of x. 
Combining the preceding Equations gives 



Z = 



'O 



8 P 
At the origin we have p = p^; « = ; and Z =zd. 

.\d=: ~-OT-^=zdpo 

o.pc o 

„ J 8ec*i 
.\ Z = a p^ 

P 

EzAMPLB. 1.— If ihe onrve is the aio of a oixcle, f> = f>d and we have Z k 
d MO* i. 

At the extremity of the quadrant we have 

Henoe it Is pzacticallj impossible to make a fuU-oentred aroh a carve «f 
eqnilibriam. 

2. Let the curve be a parabohi. 
Then we have 

for the Equation of a parabola, and 

_ (a^' + l^i 

and,«.*-=[^T 

Henoe, by substitution we find 

or the depth of the loading must be constant, or uniformly distributed over the 
span, as was assumed in the first example of the preceding article. 

THB ENDw 
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DBMOKffTBATIONS OF A GBBTAIN ORAFHIOAL SOLUTIOir. 




Note rtferred to on Page 66. Suppose that Beyeial f oxoes are applied at eaoh 
of the angles of the triangle ABG^ Fig. 122, and are in eqailibximn among 
themselyea. Let Pi , Ps and Ps, be the zesoltants 
respectiyelj of the several forces which are 
applied at the several angles as shown. These 
forces being in eqnilibrinm may be represented 
in magnitude and direction by the sides of a 
txiangle, as a, b^ 0, Fig. 123. Since the forces 
at C7, Fig. 122, including the strains in the 
bars, are in equilibrium, they may be repre- 
sented in magnitude and direction by the three 
sides of a triangle. In Fig. 123, draw the lines 
1 and 2 from the extremities of Pi, parallel to 1 
and .2 in Fig. 122, and they will meet in some 
point as 0. The lines Oc and Oa will represent 

the strains in the sides 1 and 2 of Fig. 122. In a similar way;, the forces 2, 
Ps and 3 being in equilibrium at P, Fig. 122, we draw from 0, Fig. 123, the 
line Ob^ parallel to BA^ and it must intersect eb at 6, the 
intersection of the lines Ps and Pa. 

We thus see that the radial lines drawn from the point 
0^ parallel to the sides of the triangle ABC^ to the angles 
of the triangle which represent the external forces, repre- 
sent the strains upon those sides. The same is true when 
the forces are applied at the angles of a polygon and are 
in equilibrium. Hence we have this : 

Thbobem. WTien the forces which a/re applied at the Fia.lS8. 

angles ofapolpgonaifi'amey are in equilibrium among them- 
uHves^ we find the strains upon the' several pieces which form the eontour of the 
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frame^ hy drawing radkU Unesfiwn any point paraM to the Met efthe fraime^ 

and cutting thoee Unee by othere v>hUh areparaUd 
to the direction of the foreee^ and whoee eueeemve 
inUreectionB are en the eueeeaeioe radial Unee. 
The dietaneee so out of on the rctdial Unee wU 
represent the etra/in on the corresponding Unes of 
the polygon. 

If the ftpplied foioeB are pazallel to each 

other the oonfltmctlon beoomee yezy simple, as 

■hown in Fig. 40, page 55, and Fig. 41, page 

56. 

jfn, 194 Thia method maj be applied to internal tnua- 




APPEKDIX n. 

TABLE 
C{f the Meehdmical PropertHu of the Material af Chrutruethfk 



NoTiL-^The capitals aiBx6d to the munbew in thtotebto refer to. tJM 

B.Budioir. BepoKt of fbs OnmmleriflneBi of 
the Navy, etoi 
Be. Sevan. 
Bn. Bnohanan. 
Br. Beiidor, AxtdL Hjdr. 
Bm. BmneL 
0. Couch. 
OL OJark. 
D. Baroel, Annalea for 1868L 

D. W. DanieU and Wheatatone. Report on 
the stone for tlie Himaes of Parliamentu 

E. Eads. 

F. Fairbaizn. 

G. Grant. 

H. Hodgldnson. Bepoitt to tbB British Asso- 
ciation of Scienoe, eto. 

Ha. HasweU. Bng. and ICeoh. Fooiket-Book, 
1860. 

J. Jonmal of FrsnkUn TnsHtntis voL ZEE., 
p. 461. 

K. Kirwan. 



Ei. 


Klrkeldj. 


La. 


Lam^. 


U. 


MisGhembcoeolc Intrad. adThlL HAL 


Ma. Mallet. 


ML 


Mitis. 


Mt. 


Moabet. 


Pa. 
B. 


. Oolonel Fadej. 

Bondelec L*Azt da Bltfar, IT. 


Bo. 


Boebling. 


Be. 


Bennle. Fhila. TnuuL, ete. 


8. 


Btyfle. On Iron and BteeL 


T. 


Thompeon. 


Te. 


Telford. 


Tr. 


Tredgold. EsssyontheBtoengtlLof OmI 


Iron. 


. 


, w. 


Watson. ♦ 


Wa. 


Major Wade. 


Wn. 


WilUnaon. 


* Oalcnlated from the SKperiments of Air- 





N. 



OF MASXBZAZA. 



Cant............. 


981.96 
618.87 

696.00 
684.00 

687.98 
649.06 
560.00 


Bismuth...... 

Brass- 
Cast 


Wire-dzawn 


Copper^ 

Cast 

Sheet. 

Wire-drawn 


InBolta 



Irofu 
Ckui Iron, 



Old Park 

Carron, No. S-- 

Cold Blast. 

Hot Blast. 
Oarxon, No. 8— 

Cold Blast. 

Hot Blast., 






^ 



441.69 
440.87 

448.87 
441.00 




1^066 M. 
8,960 M. 

17,968 Be. 



19,079 
89,184 
61,298 
48,000 



16,688 H. 
18,606 H. 

14,900 H. 
17,776 H. 



11 






III 



10,804 Be. 



99,979 Be. 



106,876 H. 
108,640 H. 

116,4^ H. 
188.440 K. 



1 



F(4 



\& 



48,940 T. 

88,666 H. 
87,608 H. 

86,080 P.* 
49^687 JP.« 




9,170,000 
14,980,009 



18,014,400 T. 

17,970,600 H.« 
16,086,000 H.« 

16,946,966 F. 
17,878,100 F. 
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T ABLK— CanUnued. 



ov ICaxxkaxjl 



Otui JNa» 
DtTOIIf If o. ft— 

OoidBiMe 

EotBl«*....» 

Bnflery, No. 1~ 

Gold Blast 

Hot Blast 

Deed Talon, No. %— 

OoldBtast 

Hoi Blast 

BUcar, No. 1— 

Gold Blast 

ICUton, No. 1— 

Hot Blast 

VMMxK No. 1-- 

Gold Blast 

Hot Blast ......«..«•. 

ICorris StirliQ«*s Sd qnaUtr. 
Gun Metal—- 



II 

If 





Axnoricaii.....* ., 
Bztnt Bpeoimans. 

BtseL 



Hammered Oast Bteel, fr<Hn 

F. Kmpp 

Tempered 

Bessemer Sted, from Hlfgbo, 

marked 10 

Bessemer Steel, Eng. Mean of 

tour Bzpeximenta 

Vaylor, Yloken & Go. Ond- 

ble Bteel 

Kashet*B Bteel-- 

Boft 

Cast Bteel— 

Boft 

Not Hardened 

Xeaa Temper. 

Baser TMoiwred ...... . 

Bteel Wire Bop»— 

Fine Wm 

Obiome Bteel 



455.08 
461.81 

449.48 

484.06 
486.50 

480 .8T 

486.00 

444.66 
434.66 



Sa,107H. 

17,466 H. 
18,484 H. 

18,866 H. 
16,676 H. 



696.00 



irrouflpill Awk 



BncUdi 

In Bars 

B[ammered *... ..•»..».*•. «■ 

Buasian 

Swedish, in bars 

BagUsh, in wire 1-10 iadh 

mam ... 

EaHlaa,ln wire; diMa.lM 

tol^inoh , 



486.87 
488.70 
498.60 
486.S6 



400.00 




146.486 H. 

08,866 H. 
86,897 H. 

81,70) H. 
82,780 H. 



96^764 



{ 



91,000 ta 
122,000 f^ 

171,000 B. 
140,045 B. 

88,416 F. 
108,090 F. 

08,616 F. 
120,000 



481.20 
475.60 
487.00 



* .•»•* 



160,000 

40,000 -Ba 
105,000 



67,800 La. 
57,800 La. 

67,200 Bra. 

60,480 La. 

71,680 B. 

80,000 T^ 

06,000 Te. 
ISiOOOlA. 
9Q6»000I«. 



119^000 



14,000 

84,000 Wa. 
45,970 Wa. 



228,668 F. 



86,988 H.* 
4H,497 H.* 

91,608 H.* 
86,316 H.* 

88,463 F.* 
88,606 H.* 

84,867 F.« 

99,880 F.« 

86,688 F.^ 
88,860 F.* 






} 



196,944 Wa. 
801,966 Wa. 



92,907,700 H. 
92,478,660 k. 

16,881,900 H. 
18,730,500 H. 

14,818^600 F. 
14,892,600 F. 

18,981,000 F. 

11,974,600 F. 

14,008,660 F. 
18,204,490 F. 



97,548^000 W& 



81,860,000 8. 

81,810,000 B. 
90,316,000 F. 
80,978,000 F. 
81,001,000 F. 

99,000,000 



S 
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TABLE.— Continued. 



Sjjoa or Xatksuom. 






Wrouifht Iron, 

Boiled in sheets and cat cross- 
wise 

Out lengthvnse 

In chains, oval links, iron X 
in. diam 

Wire, American 

Lake Superior and Iron 
Mountain Charcoal Bloom. 

Missouri Iron, bar 

Tennessee, bar, 31 exp 

Balisbnry, Ct, 40 exp 

Centre Co., Pa., 15 exp 

Phillipsburgh Wire, Pa. 

i O.aSS in., 18 exp. . . 

Diam. •< 0.190 in», 5 exp.. . . 

* 0.156 in., 5 exp.. . . 

Mean of 188 rolled bars 

Mean of 167 plato^ length- 
wise 

Mean of 160 plates crosswise. 

Low Moor, iMurs 

Swedish, forged 

Hammered Bessemer Iron, 
from HOgbo 

Low Moor Boiled Puddled 
Iron 

BoUed Iron, Swedish, char- 
coal heath 



sr 



Lead, cast, EngliBh. 
Lead Wire 



Buyer, standard. 
Tin, cast....... 

Zinc 



Btohk— Natural and Abti- 
noiAL. 

OnmUes, 



717.46 
705.13 

644.60 

466.68 

439.36 



Aberdeen, bine 

Oomish 

Killincy, reej felspathic. 
Mount SoneU, gnuiite. . . 



SandBtonea, 

OaithDMa Payemont 

Dundee Sandstone 

Perby Grit, a red, friable 

Sandstone 

Do. Itom another qnarxy. . 

Limeatonu, 

UmeitoDe, Magnadaai (Graf- 
ton, HI.).. 



164 
166 



166 



40,S90Mi. 
81,860 Mi. 

48,160 Br. 
78,600 Ha. 

90,000 Ha. 
47,909 J. 
53,099 J. 
68,009 J. 
68,400 J. 

84,186 J. 
78,888 J. 
89,163 J. 
67,567 Kl. 

60,787 Ki. 

46,171 Kl. 

60,864 Ki. 
I 41,000 Ki 
t 60,000 KL 



2| 



a 



5 8* J 

p u^ 

6 KB 



si 



66,000 8. 

1,834 Be. 
3,581 M. 

40,903 M. 

6,833 m. 



16& 

148 
166 



\ 



10,914 Be. 
6,866 Be. 
10,780 Wtt. 
13,386 F. 



6,499 Ba. 
6,680 Be. 

8,143 Be. 
4,845 Ba. 



17,000 B. 






C^H 



a 



83,830,000 S. 
81,976,000 S. 
37,000,000 8. 



4,608,000 Tr. 
18,680,000 Tr. 



Same ais VTL 
Iron. K 
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JSfjjaa aw UatmmiaxJl 



LtmsBtonei, 

Limegtone, oompaot. 

Limestone, Keny, Lifltowel 

Qnarzy, Bng 

Obalk 



Alabaster (Oriental), white.. 

ICarble, statuary 

Do. white Italian, TeLaed . 
Do. black Galloway 

PortlAnd Stone (Oolite). 

Valentia, Kerry (slate tstone). 

Green Stone, from Giant's 
Causeway 

Quarts Rock, Holyhead 
(across lamination). 

Qoarts Rock (pazHllel to lami- 
nation) 

Gravel 

Green ICoor 



ArUflcM Stons, 



Brick, red 

Brick, pale red 

Brick, oonmum 

Bire Brick, Stonitaridge. .... 

Brick, Stock 

Bricks set in cement (Inrieks 
not vexy hard) 



Brick Masonry, oommosu. 



Cement, Portland, withaand. 

Cement, Portland, with no 
sand 



Cement, Portilaad. 

Chalk 

Glass, Plata 



Mortar 



Acada, Bnglieh. . 

Alder , 

Apple Tree , 



Ash 4 S^^"y ****** 

'^ \ Very dry... . . . , 



Bay Tree. 
Bean, Tonquln. . . . 
g^^ ( Ordinary. 
"""*" ( Very Di^. 



u 

MS 

n 



m 



170 



166 
168 
151 



190 
168 



186.6 
180.81 



U6.81 
168.81 

107 



47.87 
60.00 
49.66 
48.19 
66.81 
61.87 
67.61 
63.87 
46.19 



If 

II 



980 
800 



j 09 to 

1984 D. 

j«i7to 
1711 



0,490 
60 



16,000 Be. 
14,186 M. 
19,600 Be. 

I- 17,907 B. 

19,896 



^1 

1^ 



16,784 B. 
17,860 B. 



7,718 



18,048 Wn. 
601 Be. 



8,916 Be. 
9,681 Re. 
9,219 Re. 
8,799 Re. 
10,943 Wn. 

17,990 Wn. 

96,600 Ma. 

14,000 Ma. 

9,010 Be. 



808 Re. 

662 Re. 

j 800to 

1 4,000 Ha. 

1,717 Re. 

9,177 Ha. 

691 CL 
j 600to 
1 800 Ha. 



(1,000 to 
16,900 G. 

884 Re. 



120 to 
940 Ha. 



6,869 H. 

8,683 H. 
9,863 H. 
7,168 H. 



7,78S< IL » 
9,863 H.) 



\ 



•8 



(4 



•8 



II- 



1,069 
9,664 



11,909 B. 



i 19,166 B. 

90,886 B. 
9,886b. 



96,900,000 T. 



1,168,000 a 



1,644,800 a 

9,601,600 a 
l,863k600a 
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TABLE.— Continued. 



Kambs or Vatkbtatji. 



Tdcbkb. 



Birch, oomnum, ...... 

Bizch, American 

Box, dry 

Bullet Tree (Berbioe).. 

Oaue 

Gedar, Oanadian 

Grab Tree 

Deal— 

Ohristiaiis Iflddle. 

Norway Spraoe... 

EngllBh 

Bed 

White 

Elder 

Elm, seasoned 

New England. . . . . 

Biga. 

Hazel 

Lance Wood 

Larch — 

Green 

Dry 

Lignum-vitae 

Hf^hc^any, Spanish... 

Haple, Norway 

Oak- 



English. 



Canadian 



Dantzic. 

Adriatic 

African Middle... 

Fear Tree 

Pine — 

Pitch 

Bed 

American Yellow. 



plum Tree.. 



Poplar 

Teak, dry.. 

Walnut 

IK^llow, dijr. 






40.60 

40.60 
00.00 
64.81 
S5.00 
66.81 
47.80 

43.62 
21 .25 
29.37 



48.43 
36.75 

84.66 

47.06 

68.75 
63.87 

82.62 
86.00 
76.26 
60.00 
49.66 

68.87 

64.60 

47.24 
62.06 
60.75 
41.31 

41.26 
41.06 
28.81 

49.06 

23.98 

41.06 
41.98 
24.37 



i 



Eh3 



16,000 
*i9,'891B.' 



6,300 Be. 
11,400 Be. 



12,400 

17,600 

7,000 



10,230 
13,489 M. 



J 11,649 to 
"i 12,857 B. 

18,000 Be. 

24,696 

10,220 B. 
8,900 B. 
11,800 M. 
16,600 
10,684 

17,800 M. 

10.258 
12,780 



7,818 M. 



11,361 

7,200 

16.000 B. 
8,130 M. 
14,000 Be. 



I 



j 4,688 H.) 
1 6,40B H. S 
11,663 H. 
10,299 H. 



6,674 H. 
6,499 H. 



6,7^ H. 

6,741 H. 

8^467 H. 

10,381 H. 



6,748 to 
6,586 H. 



8,201 H. 
6,668 £[. 

8,198 H. 



(4,684 to 
1 9,609 H. 
(4,231 to 
1 9,509 H. 



7,618 H. 



6,875 H. 
6,445 H. 
(8,657 to 

■ 9,867 H. 
8,107 to 

■ 6,124 H. 
12,101 H. 

6,686 H. 



II 



;q$ 



10,920 a 
9,624 B. 

16^636 B. 



9,804 a 



6,078 B. 

6,612 B. 
6,648 B. 
7,672 B. 



4,992 B. 
6,894 B. 



10,082 B. 

10,696 B. 

8,742 B. 

8,296 B. 

18,666 B. 



9,792 
8,946 B. 



14,722 b. 



It'*' 



1,662,400 B. 
1,257,600 B. 

8,610,600 B. 



1,672,000 a 



699,840 B. 

2,191,900 B. 
1,328,800 
869,600 a 



897,600 a 
1,062,800 B. 



1,451,200 a 

2,148,800 B. 

1,191,200 B. 

974,400 B. 

2,283,200 a 



1,225,600 B. 
1,840,000 B. 
1,600,000 Tr. 



3,414.400 a 

d06;ooo 



,v 



^ /^€/ S- 



/ // 

) to 

y Ai^ 

17^ 



/^^^x^fi^^ yC^'»^^JL^^o:.-^_/^U^ ^/Y 



cujLJjI.^ / -^ Y 



I 



^ 



-X. 



ly ( .^ *t I . 



i ^, / f ; V 



^ 






^^^^^vvs. n [XaUa^ 



^f^€^^*4A^ f f4Ju^ V^/ 



r;iJU<^<-L^^^:^ — 



1^ 



OU-f 



I 



5 5' 



I 



,- • I 



^ '-1! 



'^-.-i 



'iM 



/^/C .' - 









